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Page  2. 

Abstract. 

This  work  is  dedicated  to  the  theoretical  and  experimental  study 
of  the  icing  of  aircraft  in  mgat.  Work  examines  the  effect  of  the 
microphysical  parameters  or  clouds  and  flight  conditions  on  icing 
intensity.  Are  theoretically  studied  questions  of  the  flow  around 
different  bodies  of  the  flows  of  the  weighed  in  air  water  drops  and 
role  of  the  processes  of  neat  exchange,  which  weaken  aircraft  icing. 
Are  examined  also  guesticns  of  icing  at  supersonic  flight  speeds.  The 
book  is  of  interest  for  meteorologists,  weather  forecasters  and 
workers  of  aviation,  who  carry  out  by  questions  of  deicing  of 
aircraft  and  operations  or  aircratt. 

Page  3.  No  typing. 

Page  4. 

Preface. 

The  problem  of  aircraft  icing  during  quarter  of  century  already 
attracts  considerable  attention  of  the  researchers.  To  this 
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contributes  the  fact  that  aviation  equipment  rapidly  is  improved  and 
are  posed  all  new  problems  in  the  region  of  the  protection  of 
aircraft  from  the  danger  or  the  rading:  depending  on  the  construction 
of  the  aircraft  is  changed  the  probability  of  icing  under  one  or  the 
other  atmospheric  conditions,  it  is  changed  the  sensitivity  of 
aircraft  to  icing,  appear  new  tasxs  as,  for  example,  about  the  icing 
of  helicopters  or  internal  icing  in  jet  engines. 

Is  very  close  to  tnis  series  of  question  and  the  task  about 
erosion,  i.e.,  the  damage  or  sKia/sheathing  by  the  shocks  of  drops  at 
high  rates. 

Study  of  icing  gave  large  jerx/iapulse  to  the  science  about  the 
structure  of  the  clouds:  it  stimulated  the  study  of  the 
aicrostructure  of  clouds  and  prompted,  for  example,  soma  methods  of 
measurement  of  water  content  of  clouds.  Some  contemporary  meters  of 
liquid-water  content  are  close  in  construction/design  to  the  monitors 
of  icing.  The  calculations  of  tne  coefficients  of  capture  which 
occupy  the  large  place  in  tne  theory  of  icing,  rapidly  found 
application/appendix  in  the  tneory  of  the  formation  of 
residues/settlings,  in  tne  theory  of  the  errors  for  different 
instruments,  etc. 


The  problem  of  icing,  thus,  played  in  physics  of  the  atmosphere 
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the  large  role,  emerging  oeyona  iae  framework  of  the  demands  produced 
by  aviation. 

The  published  work  cf  ±.  P.  dazin  gives  response/answer  to  the 
series/row  of  questions  important  ior  aviation  equipment  -  about  the 
icing  intensity,  its  dependence  on  the  structure  of  clouds,  etc. 

These  calculations  are  added  also  to  the  calculation  of  the 
forma tion/education  of  ice-coverea  surface  -  another  dangerous 
phenomenon,  from  which  strongly  suffers  the  economy  of 
connection/communication.  Special  in  erest  in  work  1.  P.  Jfizina  are 
of  some  obtained  simple  laws  governing  the  icing  at  supersonic 
speeds.  4 

The  simultaneously  maae  tneoretical  calculations  are  important 
for  studying  of  clouds,  their  structure,  phase,  etc.,  i.e.,  for 
aerological  practice.  Merit  of  1.  P.  dazin  makes  the  large 
contribution  to  the  development  or  the  aircraft  investigations  of  the 
atmospheres  in  region  of  wmch  the  Soviet  Union  made  already  much  and 
it  goes  in  front  of  other  countries. 

A.  Kh.  Khrgian. 
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Introduction. 

1.  Problem  of  fight  witn  tne  icing  of  aircraft. 

At  the  glow  of  its  existence  the  aviation  was  so/such  lew-power, 
that  it  was  limited  to  ilignts  mainly  in  good,  clear  weather. 

Although  the  phenomenon  of  icing  tnen  was  already  known,  it  did  not 
draw  considerable  attention,  since  it  was  encountered  sufficiently 
rarely. 

With  aeronautical  development  the  position  changed.  Strongly 
increased  the  role  of  aviation  as  the  form  of  transport.  Escapes 
began  to  be  conducted  according  to  schedule,  in  any  weather,  up  to 
distant  distances,  xn  tne  most  diverse  climates.  Along  main  routes 
with  large  motion  strictly  is  observed  the  separation  -  aircraft  is 
forced  to  adhere  to  base  altitudes.  Under  these  conditions  it  is  not 
possible  to  avoid  icing  virtually.  For  this  very  reason  fight  with 
the  fading  of  aircraft  gradually  otcame  the  vital  problem  of 
aviation.  Already  since  tne  beginning  Thirties  appeared  different 
constructions/designs  or  auti-iciags  gear  and  proposition  on  fight 
with  this  phenomenon. 

In  usual  transport  aircrart  to  icing  are  subjected  the  most 
diverse  part-  propeller  and  tne  planes  of  aircraft,  the  cook  of 
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fuselage  and  the  cowlings  or  motors,  window  of  pilot‘s 
ca bin/compart nent  and  staniiizer,  ailerons  and  radio  antenna, 
air-pressure  head  and  ctnec  parts,  up  to  rivets  on  planes  and 
fuselage.  Both  the  intensity  and  cnaracter  icing  can  be  in  this  case 
different,  different  proves  to  oe  the  effect  of  icing  on  flight 
aircraft  guality/f ineness  ratios,  in  one  case  it  only  insignificantly 
increases  drag  and  reduces  rate  of  climb  and  ceiling,  in  other  - 
renders  inoperable  the  speed  indicator,  breaks  antenna,  it  causes 
severe  vibration  and  it  so  increases  drag  it  makes  the  generally 
aerodynamic  conditions  werse  for  tne  flow  around  aircraft,  which  can 
lead  to  forced  landing  and  even  catastrophe. 

All  contemporary  aircraft  are  provided  with  one  or  the  other 
anti-icing  (de  icing)  or  deicing  (anty  icing)  system. 

During  the  construction  of  deicing  system  arises  the  question, 
what  aircraft  components  anu  to  wuat  degree  need  protection  from  ice, 
on  which  principle  most  favorabie  of  designing  this  system. 

De-icing  systems  proviue  tne  timely  dropping  of  grown  ice  either 
by  applying  the  special  pneumatic  coverings  (Goodrich),  or  via  the 
wetting  of  ice  with  anti-icing  liquid  (alcohol,  mixture  of  glycerin 
with  alcohol,  etc.),  or  finally  preheating. 
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Page  6. 

Deicing  systems  are  basea  on  the  principle  of  preheating  the  shielded 
aircraft  components  witn  the  r act  or  as  another  method  (electric 
heatinq,  heated  by  air  or  continuous  wetting  with  anti-icing  liquid, 
etc,)  and  serve  for  the  prevention  of  possible  icing. 

Much  attention  is  recently  given  to  the  deicing  in  aeronautical 
meteorology  and  aerocliaatorogy  wnere  attempt  to  find  the  best 
methods  of  passive  protection,  i„e.,  to  forecast  conditions  icing  and 
to  find  the  paths  of  output  or  them. 

In  order  to  have  correct  representation  about  the  commercial 
advisability  of  using  anti-  or  deicers  of  that  or  other  power  and 
system  on  one  or  the  other  aircrart  components,  it  is  necessary  to 
know  the  possible  intensity  of  tue  increase  of  ice  on  ♦hem  depending 
on  the  conditions  of  icing  auu  the  frequency  of  the  recurrence  of  the 
varied  conditions  of  icing,  for  tne  calculations  of  the  thermal 
deicers  required  power  it  is  necessary  to  alsc  investigate 
thermodynamic  processes  on  the  icing  up  surface  and  to  study  the 
questions,  connected  with  its  neat  emissions.  Furthermore,  in  each 
case  of  icing  in  flight  it  is  necessary  clearly  to  represent,  what  is 
more  advisable  -  to  continue  rlignt  mder  conditions  of  the  icing 
(if,  of  course,  this  dees  not  threaten  flight  safety)  or  to  attempt 
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to  find  another,  aore  favorable  route.  For  this  it  is  necessary  to, 
first  of  all,  correctly  forecast  tne  possible  conditions  of  icing. 

The  given  short  enumeration  or  the  questions,  which  require 
their  resolution  during  tne  study  of  aircraft  icing,  is  the 
demonstrative  illustration  or  an  entire  complexity  of  the 
gener al/common/total  problem  or  aeicing  of  aircraft.  Already  by 
itself  this  enumeration  maxes  it  possible  to  break  entire  problem  at 
least  into  four  independent  Sections. 

To  the  first  of  these  sections,  which  it  is  possible  to  call 
physical-meteorological,  we  relate  the  investigations,  connected  with 
the  study  of  quantitative  oonncctions/communications  of  intensity  and 
form  of  ice  accumulation  on  separate  aircraft  components  with 
different  meteorological  parameters  and  flight  conditions,  and  also 
study  of  the  separate  factors,  wmch  affect  these 
connections/communications. 

To  the  second  section,  engineering-operational,  can  be  referred 
the  work  on  the  study  of  tne  effect  of  aircraft  icing  on  its  flight 
characteristics  in  dependence  on  form  and  quantity  of  grown  ice. 

To  the  third  section,  named  technical,  is  related  the  work  on 


direct  development  and  construction  of  different  systems,  which  make 
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it  possible  to  carry  on  an  active  struggle  with  ice  accumulation  on 
aircraft. 

Finally,  to  the  fourtti  section,  synoptic-meteorological,  can  be 
attributed  the  works  of  prognostic  and  statistical  character. 

Although  the  given  division  or  an  entire  problem  into  4  sections 
is  not  indisputably  absolute,  since  these  sections  in  many  respects 
are  mutually  connected,  nevertneiass  it  in  general  terms  correctly 
transfers  those  directions  wmen  appeared  in  science. 

This  work,  as  is  snewn  by  its  name,  is  dedicated  to  the  study  of 
the  first  section  according  to  tne  classification  given  above.  The 
basic  results,  presented  ueiow,  are  obtained  in  the  laboratory  of  the 
cloud  investigations  by  XsAO  -  Central  Aerological 

Observatory]  during  the  years  1900-1956.  We  did  not  place  to 
ourselves  by  the  target  of  giving  the  complete  survey/coverage  of  the 
works,  dedicated  to  the  problem  of  deicing  of  aircraft,  since  their 
quantity  at  present  has  already  neen  counted  by  thousand  and  their 
survey/coverage  exceeds  tne  scope  of  our  possibilities,  and  also  they 
did  not  approach  a  strict  onservauce  of  historical  seguenca  in  the 
presentation  of  material. 

However,  the  basic  achievements  oi  latter/last  years  both  in  our 
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country  and  abroad  they  round  in  tne  work  the  appropriate  reflection. 

Page  8. 

2.  Formulation  of  the  prcaiea. 

the  experimental  investigations  of  the  processes  of  icing  in 
free-air  conditions  were  initiated  as  early  as  by  1922-1923  Peppier 
[72]  with  the  aid  of  kites 

FOOTNOTE  l.  In  this  survey  are  not  examined  questions  of  ice-covered 
surface,  although  the  mecnanism  or  ice  accumulation  on  the 
communication  lines  and  on  aircraft  is  actually  similar  and  many 
results,  obtained  during  the  study  of  icing,  can  be  applied,  also,  to 
the  phenomena  of  ice-ccverea  surtace.  ENDFOOTNOTE. 

From  1929-1930  numbers  ot  investigations  in  icing  sharply  it 
grows/rises.  Appear  thorougn  tnuoretical  {Blakker  1932  [47])  and 
experimental  (Samuels  1932  f  7 4  Jj  works. 

The  first  large  moncgrapus,  uedicated  to  aircraft  icing, 
appeared  in  the  USSR  at  tne  eua  fnirties.  They  include:  the 
collector/collection  edited  oy  V.  F.  Bonch kovskiy ,  with  the  vast 
theoretical  article  of  Khrgiaa  t2lj  and  N.  V.  Lebedev's  book  [10],  In 
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N.  V.  Lebedev's  Monograph  was  given  the  sufficiently  detailed 
survey/coverage  of  all  principal  works  on  aircraft  icing,  made  up  to 
1938.  During  the  subsequent  years  to  the  problem  of  aircraft  icing 
begins  to  pay  ever  increasing  attention  the  number  of  scientific 
institutions  as  in  the  UiiGR  (central  institute  of 
predictions/forecasts.  Main  Geophysical  Observatory,  central 
aerological  observatory,  state  or  Nil  -  Scientific  Research 

Institute]  GVF,  etc.),  so  also  aoroad  (in  particular  national 
consultative  committee  on  aeronautics  -  NAC  A  -  in  the  USA) . 

As  a  result  of  the  nrst  investigations  it  was  already  explained 
that  the  dominant  role  in  aircraft  icing  plays  the  freezing  of  the 
supercooled  cloud  drops,  wmcu  encounter  the  icing  up  surface,  and 
that  the  role  of  sublimation,  even  if  it  occurs,  it  is  insignificant. 

It  is  obvious  that  in  general  view  the  intensity  of  freezing  ice 
on  one  or  the  other  aircraft  component,  which  moves  with  speed  u,.^,  can 
be  expressed  by  the  formula 

*  =  4  *  M  •  V  f  r*  n  (r)E  (r)  dr.  (0  1) 

'jo 

Here  4/3»r3n  (r)  dr  -  mass  or  water,  prisoner  in  the  drops  of  a  radius 
from  r  to  r*dr  per  unit  of  volume  of  air,  n  (r)  -  the  density  of  the 
spectral  distribution  ct  crops  according  to  sizes/dimensions, 
calibrated  K  liquid-water  content,  i.e.. 


in  such  a  way  that 
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OO 

T  "P*  |  r’ n  w<  ■ 

B(r)  -  the  coefficient  of  tne  capture  whose  introduction  considers 
the  degree  of  deviation  of  urops  from  rectilinear  path,  namely  he 
indicates,  what  portion  of  drops  from  the  volume  through  which  passes 
the  section  of  the  surface  or  aircraft  being  investigated,  encounters 
the  latter.  The  coefficient  of  freezing  3  is  equal  to  the  ratio  of 
the  mass  of  grown  ice  to  tne  mass  of  the  water,  deposited  for  the 
same  time  to  the  same  surface. 

From  formula  (0.1)  it  is  eviuent  that  for  determining  the  icing 
intensity  of  different  parts  under  different  conditions  it  is 
necessary  to  know  the  form  ot  tne  function  n  (r) ,  E(r)  and  3. 

Page  8. 

The  knowledge  of  these  functions  plays  the  significant  role  not 
only  for  studying  the  processes  of  aircraft  icing,  but  also  for 
solving  a  whole  series  of  other  independent  tasks.  Thus,  for 
instance,  with  the  coefficient  of  capture  we  meet  during  the 
calculation  of  corrections  to  different  instruments,  based  on  the 
principle  of  the  catching  ot  cloud  particles  [38,  31,  etc.  ].  With  the 
spectra  the  distributions  of  cloud  drops  at  present  collide  in  radar 
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during  the  study  of  absorption,  reflection  and  passage  of  ultrashort 
radio  waves,  in  the  theory  or  visibility  [36],  in  the  theory  of 
residues/settlings  [37],  etc.  Fiuaily,  the  determination  of  the 
coefficient  of  freezing  is  connected  with  the  examination  of  the 
equations  of  heat  balance,  used  in  psychrometry,  calculation  of 
corrections  to  aircraft  tner aiouieters,  etc. 

For  this  very  reason  it  is  represented  by  advisable  to  conduct 
the  detailed  investigation  uy  each  of  these  three  functions 
individually  (chapter  II,  Ill  ana  iV)  . 

The  rapid  and  continuous  development  of  jet  aviation  led  to  the 
need  to  specially  examine  questions  of  aircraft  icing  at  high  flight 
speeds.  This  is  made  in  V  Chapter  of  present  monograph. 

3.  Basic  conventional  designations,  used  in  work. 

r  -  radius  of  the  drop  (see  or  p)  . 

-  radius  of  the  minimum  drop,  which  still  deposits  on  the 
obstruction  (see  or  p)  . 

'c„  -  mean  radius  of  the  cloud  drops  (see  or  p) . 
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R  -  radius  of  cylinder  (cm)  . 

C  -  significant  dimension  or  tae  body  (c») being  investigated. 

x,  y,  z  -  moving  coordinates  oi  atop  (cm). 

*  t  « 

x,  y,  z  -  components  of  tne  rate  or  drop  (cm/s). 

u*uyui  -  components  of  air-stream  velocity  (cm/s). 

x,  y,  z*  -  components  of  tae  acceleration  of  drop  (cm/s)  . 

p  -  density  of  substance  Ig/cm'*)  . 

Hoo  -  rate  of  the  undisturoea  rlow  (cm/s.)  (rate  of  aircraft). 

Au  -  relative  rate  of  drop  in  airflow  (cm/s) . 

P0=6vrpAu  -  resisting  force  to  motion  of  sphere  in  viscous  fluid 
according  to  the  lav  of  Stones  (g.  cm/s2). 

P=P0*(Re)  -  real  resisting  force  (g.  cm/s2). 

■(  .!<«■ j--: i-|-(i,i7  Rea  ■*  _  correction  factor  to  Stokes'  law  (dimensionless) 
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Cj  'e/>-  -  drag  coefficient  (miaensionless)  . 

ti  ^  r* 

/'  •  ~  parameter  or  inertia,  equal  in  the  dimensionless 

coordinates  of  the  stopping  distance  of  the  Stokes  drop,  been  cast 
into  flow  with  an  initial  velocity  of  «oo. 

P*v-  minimum  value  of  tne  parameter,  at  which  is  possible  the 
collision  of  drop  with  ncdy  (aimensionless)  . 

Page  9. 

X  -  real  stopping  distance  of  drop  (dimensionless). 

X0  -  stopping  distance  cf  tne  urop,  which  moves  but  to  stokes*  law 
(dimensionless)  . 

t  -  real  stopping  distance  of  drop  (cm)  . 

t0  -  temperature  of  the  undisturued  flow  (cloud)  (deg). 

t,  -  temperature  of  surface  (deg.). 
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-  static  temperature  of  flow  (a eg.). 

r  u  _ 

.  JO 

*«*  »#  -TJ7  -  -  adiabatic  temperature  of  wall  (deg.). 

-  recovery  factor  (dimensionless)  . 

-  0,241.  heat  capacity  c£  the  air  at  a  constant  pressure  (cal./g. 

deg.) . 

J=4. 1 8« 1 0  7  -  mechanical  neat  equivalent  (erg/cal. =g. cm2/s2cal) . 

X  -  heat- transfer  coefficient  (cai/cm  s  deg.). 


ti  -  coefficient  of  dynamic  viscosity  (g/cm/s) 

v  -  kinematic  viscosity  coerncient  (cm2/s)  . 

a  -  coefficient  of  thermal  diriusivity  (cm2/s) . 

w  -  liquid-water  content  or  the  drop  part  of  the  cloud  (g/cm3)  or 

(g/m3)  • 

w*p-  ainimua  value  of  the  liquid-water  content  with  which  the 
temperature  of  the  icing  up  surface  becomes  equal  to  zero  (g/cm3)  or 
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(g/»3)  • 

wi  -  portion  of  liquid-water  content,  which  compensates  for  surface 
evaporation  (g/cm*)  or  (g/m3). 

/w»  -  mass  of  the  water,  waicn  ueposits  per  unit  of  surface  per  unit 
time  (g/cm2  s)  . 

-  mass  of  ice,  which  freezes  per  unit  of  surface  per  unit  time 
(g/cm*  s)  . 

m,  -  mass  of  ice,  which  evaporates  per  unit  time  from  the  unit  of 
surface  (g/cm2  s)  . 

«  -  heat- transfer  coefficient  (cal/cmz  s.  deg.). 

1.2=79 . 7  -  latent  heat  of  the  crystallization  of  water  at  0°  (cal/g)  . 

/•bcii. /  “  latent  heat  of  vaporization  of  water  with  t°  (cal/g)  . 

v*  /  “  »>77,l  -  latent  heat  or  vaporization  of  ice  with  t=0°  (cal/g). 

<'i  -  saturating  vapor  pressure  witn  t°  (mb.). 
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9  j  ft  f 

h’e  .  i_ —  -  aeynolds  nunoer  rot  tn«  drop,  which  novas  in  flow  with 
relative  rate  An  (dime nsionless) . 

Page  10. 

'  U  K  1 

K'i  ,  ---  -  Reynolds  nuorer  rot  tne  drop,  which  noves  in  flow  with 

relative  rate  of  u  (dimensionless) . 

k. 

■  ~  fl  -  scale  modulus/moauxa  (dimensionless). 

'-'•i,- -  aoving  coordinates  or  arop  (diiensionless)  . 

V>  '  -  coiponents  of  tne  rate  or  drop  (dimensionless). 
ui'u>,*u'-  components  of  air-stream  velocity  (dimensionless). 

<V.  '  -  coiponents  of  tne  acceleration  of  drop  (dimensionless). 

U 

t  -  time  (dimensionless). 

E(P,  Re0)  -  the  complete  coefficient  of  capture  (dimensionless). 

E  (P,  ke„)  -  local  coefficient  of  capture  (dimensionless). 
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Ea (/-*,  Re„)  -  local  coefficient  or  capture  at  the  singular  point  of 
profile/airfoil  (dimensionless)  . 

A* 

E  -  integral  complete  coefiicitat  of  capture  (dimensionless) . 

Em  -  integral  local  coefficient  or  capture  (dimensionless) . 

Ea  -  integral  local  coefficient  or  capture  at  the  singular  point  of 
profile/airfoil  (dimensicmess) . 

n(r)  -  the  spectral  density  or  distribution  of  cloud  drops  according 
to  sizes/dimensions  (1/cm4) . 

p  -  coefficient  of  freezing  (dimensionless) . 

I  -  intensity  of  freezing  ice  (cm/s)  or  (rom/min) . 

Indices. 

EL 

anrj  -  the  air 

C  -  the  water 


1  -  ice 
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1c  -  drop 


kr  -  critical  value 


s  -  surface 


isp  -  evaporation 


sub  -  sublimation 


H  -  freezing 


t  -  at  temperature  t°C, 
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Page  11. 

Chapter  I. 

Aerodynamics  of  the  flow  around  nodies  of  the  flow  of  monodisperse 
aerosol  1 . 

FOOTNOTE  1 .  By  monodisperse  aerosol  is  understood,  in  particular,  the 
idealized  cloud,  which  consists  or  identical  drops.  ENDFOOTNOTE. 

1.  Equation  of  motion  cf  drops. 

Prom  the  very  concept  of  toe  coefficient  of  the  capture  of  drops 
by  any  body  it  is  obvious  tnat  for  its  determination  it  is  necessary 
to  study  the  trajectories  of  tne  motion  of  drops  during  the  flow 
around  by  them  this  body. 

The  first  attempts  at  tne  determination  of  these  trajectories 


are  related  to  Thirties.  In  1911  Albrecht  [42]  it  fulfilled  some 
calculations  of  the  coefficient  or  capture  for  a  circular  cylinder 
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(Pig.  4).  However,  the  calculations  of  Albrecht  were  also  very  rough. 
From  Taylor's  works  [76  J  dan  elauert  [55],  that  relate  to  1940,  and 
then  Langmuir  and  Blodgett  [olj  in  1945  was  begun,  actually,  new 
stage  in  the  solution  of  tne  problem  of  the  flow  around  bodies  of  the 
particles  of  aerosol. 

Taylor  investigated  the  system  of  equations,  which  is 
determining  the  motion  of  water  arops  in  the  case  when  the  forces, 
acting  on  drops  from  the  side  or  flow,  are  described  by  Stokes'  law. 
In  this  case  it  brought  together  this  system  of  equations  to 
dimensionless  form  2 


POOTKOTE  2.  Here  below  all  designations,  used  by  different  authors, 
if  this  is  not  especially  stipulated,  are  given  to  the  single 
designations,  accepted  in  tuis  wort.  ENDFOOTNOTE. 


Thus,  Taylcr  found  tnat  in  tne  case  of  Stokes  motion  parameter  p 
is  the  sole,  necessary  and  sufficient  similarity  criterion. 

Allowing/assuming  some  assumptions,  Taylor  succeeded  in  finding 
the  very  important  consequences  of  equation  (1.1),  namely:  if  the 
speed  of  flow  in  the  vicinity  of  tne  point  of  settling  can  be 
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represented  in  the  fora  j"j  7v*'  (Hyperbolic  flow)  and  at  certain 
nonent  of  time  the  speed  of  drop  coincides  with  the  speed  of  flow, 
then  drop  can  achieve  tne  surface  of  settling  only  in  such  a  case, 
when  p>  ^ .  Being  based  on  tars  .important  consequence,  it  is 
possible  to  show  that  under  given  conditions  for  flight  and  form  of 
the  body  being  investigated  on  tne  latter  (as  during  the  hyperbolic 
flow,  examined  by  Taylor)  can  oe  precipitated  out  only  drops  by  the 
radius  more  than  certain  critical  value. 

Page  12. 


Glauert  [55]  according  to  tne  formulas,  derived  by  Taylor,  it 
was  possible  to  conduct  tne  saro.es/ row  of  numerical  calculations  for 
circular  cylinders  and  seme  calculations  for  the  wing  of  aircraft. 

The  most  complete  and  precise  calculations  on  the  study  of  the 
flow  around  of  circular  cylinders,  spheres  and  infinite  flat/plane 
strips/films  were  completed  ny  Langmuir  and  Blodgett  in  1945  on 
differential  analyzers  [62  J.  however,  with  the  results  of  these 
calculations  we  took  the  opportunity  of  becoming  acquainted  only  on 
separate  extractions  of  tuea  in  tne  form  of  the  graphs/curves,  given 
in  the  series/row  of  worxs  [49,  7 7 J . 


Let  us  examine  more  strictly  and  consecutively /serially  the  task 
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of  determining  the  coefficient  of  capture,  which  is  actually  reduced 
to  the  determination  of  tne  prooaoility  of  colliding  the  body,  which 
moves  in  the  medium  of  aerosol  (in  cloud  or  in  the  zone  of 
residues/settlings) ,  with  the  particles  of  this  aerosol  (water 
drops)  . 

To  mathematically  more  simply  solve  problem  in  the  coordinate 
system,  rigidly  connected  witn  uody,  i. e.,  to  consider  body 
motionless,  and  medium  together  with  particles  -  leading  in  to  it. 

Let  at  infinity  the  meuium  together  with  particles  move  with  the 
speed  u '• 


FOOTNOTE  *.  Here  it  is  nelow,  where  this  is  not  especially 
stipulated,  the  discussion  ueais  with  subsonic  speeds. 

With  approximation/a pproacn  to  ooay  the  speed  of  medium  begins  to 
change,  while  the  particles  attempt  to  preserve  uniform  and 
rectilinear  motion.  As  a  result  of  the  forces,  which  appear  due  to  a 
difference  in  the  speeds  of  tne  particle  motion  and  medium, 
deflect/divert  the  particles  rrom  inertia  rectilinear  path.  If  we 
consider  that  the  particle  concentration  is  small,  they  do  not  affect 
by  one  another  and  the  character  of  the  flow  around  body  of  flow, 
then  the  force,  which  acts  on  particle,  depends  only  on  particle 
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speed  with  respect  to  medium.  Considering  flow  as  that  being  steady, 
it  is  possible  to  write  taat  tms  rorce  F  is  equal  to 

F^F(un-uk). 

Here  u„(x,y,z)  -  particle  speed,  and  u„(x,y,z)  -  speed  of  the  steady 

airflow,  which  flows  around  auout  the  body. 

Let  us  designate  tnrough  la  the  mass  of  particle  and  will  write 
the  equation  of  motion  or  particle  in  projections  along  the  axes  of 
the  coordinates 

mx  —  Fx 

my  =■  Fy  <  1 

m  z  --  F 

i  1 

For  the  determination  or  the  trajectory  of  drop  and, 
consequently,  also  capture  coefficient  E  it  is  necessary  to  integrate 
the  system  of  differential  equations  (1.3).  In  the  problem  of  icing 
the  discussion  deals  with  tne  capture  of  spherical  water  drops,  which 
considerably  simplifies  the  task  of  finding  the  function  F. 

In  work  [14]  we  in  detail  examined  those  conditions  under  which 
force  F  obeys  the  law  of  Stoxes,  i.e.  ,  f  —  F9  =6icr|iiH ,  where  Au  - 
particle  speed  relative  to  flow.  For  sufficiently  major  drops 
practicability/feasibility  conditions  of  Stokes*  law  are  not 
observed,  in  this  case  tne  deviation  from  it  by  pillar  is  determined 
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by  the  value  of  Reynolds  uumoer 

Page  13. 

The  theoretical  and  se mi-empirical  expressions  for  resisting  force  P, 
obtained  by  Osaen,  Allen  and  Rittmger,  give  a  good  coincidence  with 
experiment  only  in  comparatively  narrow  ranges  of  Reynolds  numbers. 
Utilizing  experimental  data  or  Rayleigh  about  the  resistance  to 
motion  of  spherical  particles  m  viscous  fluid  (Fig.  1) ,  we  succeeded 
in  to  find  empirical  relationship/ratio  [14],  describing  the 
dependence  of  resisting  forces  on  Re  in  the  range  of  cnange  Re  from  0 
to  103,  which  virtually  overlaps  entire  range  of  the  sizes/dimensions 
of  cloud  drops  at  flight  speed  to  100  m/s.  This  formula  takes  the 
form  * 

/•'  -  F„(\  -i 0,17  Re  \  (1-4) 

FOOTNOTE  *.  In  1954  analogous  relationship/ratio  was  obtained  by  the 
American  researcher  Serafim  [75J,  on  whom  the  correction  factor 
takes  form  HO.  157  Re*/3.  lu  1955  I.  A.  Fuks  [28]  gave 
relationship/ratio  t:d  ---  ^  +  -~r ,  undertaken  from  the  work  L.  Klyachko 

/sr  ’ 

[8],  published  in  the  journal  "heating  and  ventilation"  for  1934.  it 


is  easy  to  see  that  independently  obtained  by  us  relationship/ratio 
(1.4)  virtually  on  differs  from  obtained  L.  Klyachko.  ENDFOOTNOTE. 
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Here  F  -  true  resisting  force,  F„  -  resisting  force,  designed 
according  to  the  lav  of  Stores. 

The  degree  of  the  coincidence  of  empirical  formula  Kith 
experimental  data  can  be  traced  according  to  rayleigh's  the  same 
diagram  (Fig.  1) ,  on  whicn  along  the  axis  of  abscissas  are 
deposited/postponed  the  logantnas  of  Re  number,  and  along  the  axis 

F 

of  ordinates  -  logarithms  or  drag  coefficient  -/.  =  ■  t  u,-r---  -  *. 

FOOTNOTE  2.  Drag  coefficient  *  differs  from  coefficient  <'d  accepted 
in  all  latter/last  works  [id,  4b,  63]  in  terms  of  factor  w/8. 
ENDFOOTNOTE. 

Here  u  -  the  relative  speed  of  tae  motion  of  spherical  particle  in 
flow,  r  -  its  radius,  -  the  density  of  air  flow. 


DOC  =  79116102 


PAtfii  J% 


Fig.  1.  Rayleigh’s  diagram  (small  circles  noted  values  *.  calculated 
on  the  basis  of  formula  (1.4). 


Key:  (1).  Oseen.  (2).  Sto&es.  (J).  Allen.  (4).  Rittinger. 


Page  14. 


On  the  diagram  of  solid  curve  are  plotted/applied  the 
experiaental  data  of  Rayleigh,  dasn  -  those  calculated  respectively 
according  to  the  formulas  or  sto&es,  Oseen,  Allen  and  Rittinger  and 
finally  small  circles  snoveu  the  values,  calculated  by  formula  (1.4). 

In  Pig.  2  is  given  the  comparison  of  relation  ,  designed 

•  o 
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on  (1.4)  with  the  data  given  oy  nagnuir  [63]. 


Equation  (1.3)  taking  into  account  (1.4),  bearing  in  aind  that 
the  particles  are  simply  spaencal  drops,  i.e.,  m  =  A  *  r*pt, signs  the 
fora 


where 


z  =  I  («,  -  z)f(  Re) 


f  (Re)  —  1  -t  0,17  (2-f)  J|(«,-  A-)’  +  (ny-j))2  +  (H,  -  z)’] 


For  obtaining  the  ccxtenal  relationships/ratios  let  us  write 

systea  (1.5)  in  dimensionless  coordinates,  after  selecting  as  the 

unit  of  length  the  significant  dimension  of  body  C  (ca) ,  as  the  unit 

of  speed  -  speed  of  undisturbed  now  (c a/s)  and  as  time  unit  -  a 

*  c  ,  \ 

transit  tine  of  section  c  with  a  speed  of  «to,  *  e.  — 


Let  us  designate  dimensionless  coordinates  respectively  after 
I,  t),  l  and  the  dimensionless  tine  through  r.  Then  equations  (1.5)  take 
the  fora  (if  we  by  prime  designate  differentiation  with  respect  to 
time  r) : 
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where 


t"  ---•  —  j  (f.  —  ut  )?(Re) 
V  -  y  (V  -  tfn)?(Re) 
C*=  -y  (C'-«{)<p(Re) 


2r»u 


TFT*'  1  'i  0,17 Re„ 'MU'- «e)*  +  (V  -  + 

r  (C'  -  «c  )MV‘. 

2ru^ 


Re0  = 


Systea  of  equations  (1.6)  ontained  thus,  deteraining  the 
trajectory  of  the  motion  or  drop,  is  very  important  for  our  further 
presentation.  Let  us  enumerate  therefore  the  assumptions  which  became 
the  basis  of  the  conclusiou/output  of  these  equations. 

Page  15. 

1.  Presence  of  cloud  drops  does  not  affect  field  of  circumfluent 

flow. 

2.  The  heterogeneity  or  medium  is  small  in  comparison  with  the 
sizes/dimensions  of  drops,  i.e.,  on  the  surface  of  drop  there  is  no 
slip. 
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3.  Field  of  current  in  tad  aosence  of  drop  is  uniform  (flow 
lines  are  parallel)  . 

4.  Drops  have  spherical  tore,  they  smooth,  solid  and 
constant/invariable. 

5.  Drop  do  not  coagulate  and  uo  not  decompose  during  process  in 
question  settlings. 

6.  On  drop  do  not  act  otner  forces,  except  force  of  viscosity  of 
air  (in  particular,  it  does  not  act  gravitational  force). 

7.  Temperature  is  permanent,  so  that  parameters  ;t,  v,  Pl(  are  not 
changed  along  trajectory  of  drops. 

In  the  examined  formulation  of  the  problem  we  do  not  postulate 
the  validity  of  Stokes'  law,  i. a. ,  it  is  not  disregarded  by  the 
inertial  forces  of  medium. 

Let  us  estimate  the  assumptions  enumerated  above. 

1.  Overall  relative  volume,  occupied  by  drops  in  air,  does  not 
exceed  several  millionth  portions  (maximum  known  liquid-water 
contents  are  of  the  order  1  g/m3)  rrom  total  volume,  concentration  of 
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their  order  of  hundreds  to  cubic  centiaeter.  Thus,  distance  froa  drop 
to  drop  is  aeasured  by  millimeters,  i.e«,  hundreds  of  tiaes  exceeds 
their  transverse  sizes/diaeusions.  This  it  is  coapletely  sufficient 
in  order  with  the  good  reason  to  consider  that  their  mutual  effect  is 
excluded,  since,  as  is  snows  iu  tne  monograph  of  Figurovskiy  [26], 
the  mutual  effect  of  drops  negligioly  already  when  the  distance 
between  thea  ten  times  only  exceeas  the  transverse  sizes/dimensions 
of  drops. 

On  the  other  hand,  the  sizas/uimensions  of  drops  into  hundred 
are  and  thousands  of  tiaes  less  than  the  sizes/dimensions  of  body. 
Thus,  assumption  1  is  FOSSiuie  tu  consider  with  a  high  degree  of 
accuracy . 

2.  Heterogeneity  of  aeaj.ua,  i.e.  ,  the  comparability  of  the 
inter  molecular  distance  of  air  witn  a  radius  of  drops,  can  exert 
noticeable  influence  only  ou  vsry  small  drops,  by  a  radius  less  than 
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Fig.  2.  Curves  are  calculated  oy  formula  (1.4)  (points  note 
Langmuir's  data) . 

Page  16. 

The  greater  the  intermolecuiar  distance,  the  more  time  drop  flies  as 
in  void,  without  testiny/expenencing  resistance,  and  the  less  the 
total  resisting  force,  whj.cn  acts  on  drop.  So,  according  to  Millikan 
[16],  this  effect  shows  up  only  when  mean  free  path  is  compared  with 
a  radius  of  drops  r.  The  force,  wnrch  acts  on  drop  in  this  case,  can 
be  written  in  the  form  V  ■=!■'„  /  ti,  where  /  -  mean  tree  path  of 
molecules.  Decomposing/expanding  //- 1  in  series/row  according  to 
degrees  1/ r,  in  the  first  approximation,  we  have 
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According  to  Millixan  A*o. 9,  what  gives  correction  to  Stokes* 
law  for  the  drops  of  a  Taurus  Ip  or  order  5o/o  (with  t=0°  and  p=760 
coin  Hg)  ,  and  for  drops  Id  p  -  oruer  0. 5o/o.  If  necessary,  as  can 
easily  be  seen,  these  deviations  from  Stokes*  law  easily  yield  to 
account  by  the  introduction,  ror  example,  of  the  effective  value  of 
viscosity/ductility/toughness  >*-i  *  •  A<~''  however,  the  account  of  this 
effect  becomes  necessary  for  sucn  small  drops  which  do  not  play  any 
noticeable  role  in  the  piooiem  or  icing. 

3.  Heterogeneity  or  fielu,  i.e.,  streamline  curvature  on 
elongation/extent  of  drop,  nas  negligible  effect,  since 
sizes/dimensions  of  body  in  hundred  or  more  times  exceed 
sizes/dimensions  of  drops  p14j. 

4.  Assumption  4  also  can  oe  considered  virtually  carried  out, 
since  small  deviations  from  sphericity,  as  prompted  Andreasen  [43], 
they  do  not  play  noticeable  role,  and  remaining  conditions  lead  to 
corrections  of  order  p,  ;i„  ,  where  n  -  viscosity/ductility/toughness 
of  air,  and  -  viscosity  or  watoi,  i.e.,  they  do  not  exceed  lo/o. 


5.  Small  sizes/dimensions  of  drops  -  order  10"3-10“4  cm  and 
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their  relatively  small  coaceuUduon  make  assumption  5  with  that 
completely  justified. 

6.  Condition  6,  first  or  ail,  means  that  we  is  disregarded  by 
gravitational  force,  that  does  not  cause  serious  fears,  since  rates 
of  free  fall  in  drops  tnousands  times  of  less  than  rates  of  inertial 
motion  in  question.  Me  is  disregarded  also  by  the  electric  forces  of 
interaction  of  drops  with  oody.  On  its  role  were  presented  different 
hypotheses;  however,  Hans  £54]  experimentally  demonstrated  that  it 
does  not  exert  appreciable  effect.  In  recent  years  L.  H.  Levin  [13] 
demonstrated  that  also  theor eticany. 

7.  For  propeller-driven  aircraft  whose  rates  do  not  exceed 
100-150  m/s  (360-540  kra/h),  neating  even  dry  air  in  layer  of 
disturbance  does  not  exceed  5-10°,  which  has  insignificant  effect  on 
oscillations/vibrations  is  v  auu  fs  does  not  affect  significantly 
trajectory  of  drops. 

Thus,  it  is  possible  wita  the  large  basis/base  to  consider  that 
the  trajectories  of  the  water  drops,  which  flow  around  together  with 
the  flow  of  air  about  the  one  or  tue  other  part  of  aircraft,  with 
large  accuracy  are  descnoed  by  system  of  equations  (1.6). 


the  solution  of  system  or  equations  (1.6)  is  determined  by  the 
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field  of  the  air-stream  velocities,  i.e.,  by  values  ui,n,  and  “  in 
each  point  in  the  trajectory  or  drop  of  radius  r,  and  by  two 
dimensionless  parameters  p  and  ae0,  which  can  be  examined  as 
similarity  criteria.  This  solution  makes  it  possible  to  construct  the 
trajectories  of  drops  and  to  calculate  the  series/row  of  the 
characteristics  of  icing. 

Page  17. 

Let  us  recall  that  nere  we  examine  subsonic  speeds  at  which 
!!*■<<  1 ,  i.e.,  it  is  possible  to  consider  that  such  parameters  of 
medium  as  temperature,  density,  viscosity  -  virtually  are  not  changed 
in  motion  by  the  latter.  In  tms  case,  obviously,  the  drops  dc  not 
evaporate  and  do  not  increase,  dowever,  form  and  the  sizes/dimensions 
of  the  streamlined  body  cau  partially  be  changed  in  the  process  of 
icing,  which  it  is  necessary  to  near  in  mind  during  the  study  of 
aircraft  icing. 

2.  Analysis  of  the  equations  or  motion  of  drops. 

As  shown  in  the  preceding/pre vious  section,  for  the 
determination  of  the  trajectories  of  the  motion  of  drops  it  is 
necessary  to  solve  system  or  equations  (1.6).  However  before 
converting/transferring  to  tne  solution  of  this  system,  let  us  pause 


ryr 
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briefly  at  its  qualitative  e xamination . 

Into  system  of  equations  4I.6)  in  contrast  to  the  systea, 
examined  by  Taylor,  organically  enter  no  longer  one,  but  two 
dimensionless  parameters  p  and  tfe„,  which,  therefore,  and  are  the 
criteria  of  similarity  oi  pnenoaeuon.  Let  us  incidentally  note  that 
as  such  criterial  parameters  tney  can  be  accepted  and  other 
parameters,  which  are  ccmoinatious  p  and  Re0.  Thus,  for  instance,  in 
the  USA  widely  are  utilized  parameters  Re0  and  so-called  scale 
nodulus/nodule  *>—  In  tae  investigations  of  L.  N.  Levin  are 

T  p 

Cn  , 

utilized  parameters  p  and  Hu,  waere  Ru  —  — -  -  Reynolds  number  for  a 

■<» 

body.  It  is  not  difficult  to  see  tnat  ru  =-  -  -y  .  Thus,  during  the 

simulation  of  the  conditions  oi  icing  one  should  proceed  from  the 
presence  of  2  similarity  criteria,  in  this  case,  running  in  forward, 
it  is  possible  to  say  tnat  parameter  P  plays  substantially  greater 
role  than  parameter  Re0. 

As  has  already  been  mentioned,  Taylor  into  1940  more  [76], 
investigating  a  simpler  systea  oi  equations  (1.7),  describing 
particle  motion  under  the  action  or  Stokes  force,  showed  that  in  the 
specific  field  of  air-stream  velocities  there  is  this  critical  value 
of  parameter  p  —  p*„, that  when  p<P»P  the  drops  completely  do  not 
encounter  obstruction,  cut  they  flow  about  the  it  together  with 
airflow. 


i- *pm**r*^gr 
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Heat— ft  examined  the  case  wuen  the  velocity  field  of  flow  is 
assigned  by  systen  of  equations  (1.8)  (origin  of  coordinates  combined 
with  the  critical  point  at  wmcn  —  ur 0),  it  assumed/set  floe  by  the 
hy  per bolic 

»t  —  —  al 

(18) 

Hf  =  a  tj. 

Equations  (1.7)  taxe  in  this  case  the  form 

-7U0 

l  a 

V  1  7  v-  7i -  0. 

In  system  of  equations  (1.*)  the  variable/alternating  were 
divided,  these  linear  equations  with  constant  coefficients  easily  are 
integrated  in  final  fori. 

Page  18. 

Let  us  examine  the  motion  ox  drop  along  the  axis  of  symmetry  for 
which  v  •</  ()  The  solution  ox  the  1st  of  equations  (1.9)  takes 


~-Sr(V— «-)- 


(1.7) 
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i  =  Ae 


A.  * 


lie 


(110) 


where  Kt  and  K2  -  the  solutions  of  characteristic  equation  are 
respectively  equal  to 

Let  us  assume  that  at  some  moment  of  time  with  coordinate  5  —  ^ 
the  drop  had  a  rate  of  flow,  equal  -  a£0.  The  zero  time  reference  let 
us  begin  from  this  point  on,  i.e. ,  will  place  at  this  moment/torque 
r=0.  Then,  after  finding  from  initial  conditions  of  the  value  of 
coefficients  A  and  B,  equation  (1.10)  can  be  written  in  the  form 


A 1  -  A 


(1.11) 


It  is  clear  that  the  drop  can  achieve  body,  i.e.,  the  situation, 
when  5  turns  into  zero,  wnen  both  members,  entering  equation  (1.11), 
have  different  signs.  The  latter  moans  that  expressions  a*K2  and  a*Ki 
must  have  one  and  the  same  sign,  if  roots  Kt  and  k2  are  real.  Let  us 
show  that  satisfaction  of  these  two  conditions  is  incompatible,  i.e.. 


let  us  show  that  if  roots  Kj  ana  k2  are  real,  then 


a  +  K> 
o  4  A, 


-<U  and  not 


with  what  r  the  coordinate  of  drop  £  will  be  able  to  become  equal  to 
zero.  Actually  the  reality  of  tne  roots  of  the  characteristic 
equation  Kt  and  K2  is  equivalent  to  the  condition  that  1-4ap>0,  i.e.. 


1 


1 
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in  this  case 

p<^Aa  —P*r  (1.12) 

Now  let  us  assuae  tnat  a and  a*Kt>0,  then 
a  +  K,  -  -a  —  2y  ( 1  +  K  •  —  tap)  >0  and,  tnerefore,  is  those  aorea>^L(*,  e 
p>fZ>Ta,v hich  contradicts  condition  (1.12). 

Let  as  assume  that  a*&2  ana  a  +  Kt<0,  then  from  (1.11)  when  5  -0 
and  after  the  substitution  of  values  K t  and  K2  follows  that 

1  v  \~Yap  / 1  —  4  ap 

°-2p+  -p  \  (1.13) 

1  -  4_«p 

“  ”  2  P  '  ’  ‘ip 

Since  numerator  and  denominator  on  the  left  side  of  equation  (1.13) 
are  negative,  then  left  side  as  always  less  than  unity,  since  in 

absolute  value  the  denominator  or  aore  than  numerator  on  /.}  4 °p 

p 

However,  the  right  part  of  equation  (1.13)  is  always  more  than  one. 
Thus,  equality  (1.13)  occurs  only  with  1-4ap=0,  i.e.,  with  p=1/4a  and 
it  is  not  fulfilled  witn  p<1/4a. 

Page  19. 

Thus,  drops  with  paraaeter  P<-\~—P*v  do  not  reach  body. 

^he  conclusion,  obtained  by  Taylor,  has  deeper  value,  since  the 
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fact  of  the  presence  of  critical  parameter  p,((,  for  the  hyperbolic  flow 
around  body  of  air  flow  is  a  sufficient  condition  for  existence  in 
general.  From  the  point  cf  view  of  existence  p,P  hyperbolic  flow  will 
be  major  for  real  flow. 

Actually/really,  let  us  examine  the  trajectory  of  drop  during 
hyperbolic  and  real  flow  on  phase  diagram  (Fig.  3).  The  curve  AO 
characterizes  the  particle  motion  of  air  flow  during  real  flow.  The 
curve  A* 0  characterizes  tne  trajectory  of  drop  in  this  case,  the 
straight  line  B'o  it  characterizes  hyperbolic  flow,  while  the  curve 
BB'B"w0  -  trajectory  of  arop  in  tnis  flow,  if  at  point  B'  its  rate 
coincides  with  the  rate  of  rlow. 

From  the  analysis  of  tne  equations  of  motion  of  drop  (1.7)  it  is 
possible  to  show  (on  what  paid  out  attention  £.  M.  Levin) that  when 
P<P* p  the  curves  B'B"^0  and  A'O  in  phase  diagram  are  approached  point 
0  at  one  and  the  same  angle.  Actually/really,  let  us  examine  the 
first  equation  of  system  (1.7)  and  let  us  write  it  in  the  form* 

=  «t),  0  ,4> 

at  point  Ou^=0,  whence  wa  nave 
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POOTHOTE  *.  Partially  the  line  or  the  reasoning  given  below  is 
presented  in  the  work  or  Devj.es  [iron  literature]  [49].  ENDPCOTNOTE. 

If  E'^o,  then  the  gradient  ot  velocity  of  drop  in  the  vicinity 
of  critical  point  O  is  egual  to  =  —  j  and  does  not  depend  on  the 
field  gradient  of  the  arc-stream  velocities  in  the  vicinity  of  this 
point . 

If  in  (1.15)  4-  -=f0,  tnen  5'=0.  For  determination  in  this  case 

d  c  P 

of  the  gradient  of  velocity  of  drop  in  the  vicinity  of  point  O  let  us 
differentiate  (1.14)  on  $ 

di‘  r  W S  /  p  \  di  dt  h 

da f 

by  assuming/setting  l  -  -  0  ana,  therefore,  -rf5- =  —  a,  we  will  obtain 


1_  dV 

P  di 


±  V  \  -  4  ap) 


whence 
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Pig.  3.  Schematic  of  the  flow  around  body  of  hyperbolic  and  real  air 
flow  and  the  corresponding  particie  trajectories  of  the  aerosol  on 
phase  diagram. 

Page  20. 

On  the  basis  of  the  conuition  that  when  P  -*  ~j\  must  approach 

•Jy it  is  possible  to  immediately  reject/throw  one  solution  as 
unsuitable,  and  then  we  will  obtain  that 

dJ-  =  -  _L  ( i  _  i  Tap) -  Ku  0-16) 

d  5  l  P 

Relationship  (1.16)  shows  that  when  p<ph)1  the  gradient  of 
velocity  of  drop  at  point  o  depends  only  on  parameter  p  and  gradient 
of  the  air-stream  velocity  in  the  vicinity  of  singular  point.  Thus, 
returning  to  phase  diagram,  it  is  possible  to  say  that  curves  B'B"wO 
and  A • o  are  approached  point  o  at  the  identical  angle,  egual  to  arctg 
Kj.  Since  on  phase  plane  the  particle  trajectory  of  air  flow  during 
hyperbolic  flow  of  pillar  nes/rests  the  more  to  the  right 
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corresponding  trajectory  during  real  flow,  then  is  obvious  that  also 
the  trajectory  of  drop  during  ayperbolic  flow  lies/rests  by  the 
pillar  of  the  acre  to  tne  ngnt  real  trajectory  of  drop.  This  means 
that  at  each  assigned  point  wita  coordinate  ^  the  rate  of  drop  during 
hyperbolic  flow  is  more  tnau  tne  rate  of  drop  during  real  flow.  From 
the  latter  it  is  obvious  taat  n  with  what  the  p  less  P-r,  the  drop 
does  not  reach  the  body  wita  tae  ayperbolic  streaalining,  then  it 
moreover  does  not  reach  it  during  real  flow,  consequently  />.p—  ^  is 
the  critical  parameter,  ganeral/couimon/total  for  both  types  of  flow. 

<ri 

Jn  the  basis  of  conclusion/output  the  assumption  about  the  validity 
of  Stokes'  law  does  not  limit  aim,  since,  the  nearer  p  to  p*P.  the  less 
the  relative  rate  of  drop  in  rlow,  the  less  Reynolds  number  and 
thereby  with  larger  accuracy  it  is  possible  to  consider  valid  Stokes' 
law.  It  is  possible  wita  coafideuce  to  say  that  when  p<P«  the 
force,  which  acts  on  the  drop  iron  the  side  of  air  flow,  with  a  high 
degree  of  accuracy  is  descnoed  uy  Stokes'  law.  Thus,  it  is  possible 
to  consider  that  the  graureat  or  velocity  of  drop  in  the  vicinity  of 
singular  point  is  actuaily/raaliy  determined  by  relationship/ratio 
(1.16)  during  actual  flew  ana  conclusion/output  about  existence 
and  to  its  value,  obtained  aoove  remains  in  this  case  valid. 

Let  us  incidentally  note  tuat  when  /» =  />«*.  the  gradient  of 
velocity  of  drop  at  point  t  =  0  is  not  defined,  since  as  function 


m 
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p,  undergoes  gap  when  ps^pMf. 


Existence  independent  oi  i’aylor  and  in  the  nore  general  case 
was  shown  also  by  L.  N.  Levin  into  1952.  In  his  work  Levin  gives 
values  Ap  for  an  elliptical  cylinder,  equal  to  P*t  ~  where  A  - 

the  relation  to  the  longitudinal  axis  of  cylinder  to  transverse.  In 
the  particular  case,  for  circular  cylinders  »  but  for  a 

flat/plane  plate  (more  accurate  tnan  the  continuous  belt,  since  we  we 
examine  two-dimensional  tasx) 


Pup 


Page  21. 

In  the  literature  [  4o  J  are  encountered  the  indications  about 
that  which  and  during  the  flow  around  asymmetric  bodies  also  exists 
P* p.  equal  to  1/4a,  where  a  -  the  nrst  coefficient  in  the  resolution 
of  the  rate  in  terns  of  normal  coordinates  in  the  vicinity  of 
singular  point.  However,  the  proof  of  existence  pK;  in  this  most 
general  case  to  us  is  uuxuown. 

The  analysis  of  the  equations  of  motion  of  drop  in  simplified 
form  (1.7)  makes  it  possiole  to  nnd  one  additional  important 
consequence,  for  the  first  time  obtained  by  A.  M.  Yaglom  *  in  1951, 
and  then,  independently,  o y  hobinson  in  195b  [73]. 
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FOOTNOTE  *.  The  results  cr  tne  investigations  of  A.  N.  Yaglom  were 
reported  by  it  at  seminar  in  tu«  Geophysical  institute  of  the  AS 
USSR,  but  they  were  not  puoiisuea  rn  press/printing.  ENDFOOTNOTE. 

The  authors  showed  the  potentiality  of  the  hypothetical  liguid, 
consisting  of  cloud  drcts. 

Actually/really,  let  us  write  in  vector  form  system  (1,7) 

(I '17) 

Here  -  dimensionless  radius- vector  of  drop,  p%  -  dimensionless  rate 
— ♦ 

of  drop,  ^  -  dimensionless  air-stream  velocity. 

For  the  proof  of  the  potentiality  of  the  flow  of  true  liquid  let 
us  examine  circulation  integral  of  the  vector  of  the  speed  of  drop  G 
on  certain  locked  duct/coutour  c 

’  i 

r  =  ^'f/ds.  '■*  (i-i®) 

c 

Derivative  of  circulation  inteyral  of  the  vector  of  the  speed  of  drop 
on  time  is  equal  to 
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On  the  basis  (1.17)  the  first  integral  in  the  right 
(1.19)  is  converted  to  the  form 


f 


side  of 


equality 


It  is  obvious  that  i'„.  wmcn  represents  circulation  integral  of  the 
vector  of  air-stream  velocity,  is  equal  to  zero  in  view  of  the 
potentiality  of  the  latter,  rnus, 

ds  -  1  I  .  (1.20) 

d  -  n 

r  r 

It  is  easy  to  see  that  the  second  integral  in  the  right  side  of 
equality  (1.19)  turns  into  zero,  since  under  integral  will  cost  total 
differential.  Actually/really, 

§  f/rfUv  )  --  rftV)  =  o.  0-21) 

r  “  '  r  c 


Page  22. 

And,  therefore,  from  equality  (1.19)  taking  into  account  equalities 
(1.20)  and  (1.21)  we  have 


whence 


(1.22) 


Thus,  if  at  some  moment  oi  time  circulation  integral  of  the 
vector  of  the  speed  of  drop  was  equal  to  zero,  then  this  means  that 
it  remains  equal  to  zerc  at  any  otner  moment  of  time.  From  the  proved 
theorem  of  the  retention/prescr vation/ma intaining  zero  vortex/eddy  it 
follows  that  the  motion  or  "hypotnetical"  true  liquid  potentially, 
since  it  is  obvious  that  at  surncient  removal/distance  from  the  body 
where  the  flow  is  not  distuided  auu  the  trajectory  of  drops  represent 
straight  lines,  parallel  oetweeu  themselves,  circulation  integral  of 
the  vector  of  the  speed  of  drops  is  equal  to  zero. 

The  potentiality  of  tne  motion  of  this  liquid  and  the  fact  of 
the  absence  of  sources  ana  rlows  out  of  body  surface  testify  about 
the  absence  of  the  intersection  or  the  particle  trajectories  of  the 
liquid,  i.e.,  the  trajectories  of  the  drops  of  identical 
size/dimension.  Let  us  note  incidentally  that  thereby  is  disproved 
Taylor's  assumption  [76]  aoout  tne  possibility  of  similar 
intersection. 

It  should  be  pointed  out  mat  the  obtained  conclusion  about  the 
potentiality  of  the  flow  of  true  liquid  is  based  on  the 
use/application  of  equation  (1.7),  comprised  on  the  assumption  that 
to  drops  from  the  side  or  riow  acts  the  Stokes  viscous  force. 


1)  the  points  of  contact  of  tne  tangency  of  extreme  trajectories 
define  the  zone  of  the  coi.iJ.sion  of  the  drops  of  this  radius  with 
body. 
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2)  the  distance  between  tne  extreme  tangential  trajectories  of 
drops  in  their  undisturbed  region  uetermines  the  total  quantity  of 
drops,  which  encounter  ocny,  and  tne  ratio  of  this  distance  to  the 
midship  section  of  body  is  equal  to  its  complete  coefficient  of 
capture  E, 

3)  distance  ratio  between  aujacent  trajectories  in  the 
undisturbed  region  to  tne  uistance  between  points  of  intersection  of 
their  with  body  determines  tne  intensity  of  settling  drops  in  this 
section  of  surface.  The  limit  oi  tnis  sense  during  the  unlimited 

approach  of  trajectory  is  caned  tne  local  coefficient  of  capture 
£ . 

Page  23. 

Let  us  return  to  tne  reference  system  of  equation  (1.6) .  While 
the  exact  solution  of  the  system  ot  nonlinear  differential  equations 
(1.6)  is  not  impossible,  tnen  numerical  solution  does  not  compose 
fundamental  difficulties.  One  or  such  calculation  methods  in  detail 
have  described  we  in  won  i.  1 4 J •  Xnere  the  method  of  the  approximate 
graph o-analytic  integration  of  system  of  equations  (1.6)  indicated 
was  successfully  used  foi  tne  calculations  of  settling  drops  to  round 
cylinders  (14],  spheres  ana  to  tne  center  sections  of  flat/plane 
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a)  the  flow  around  the  nodies  of  simple  forms. 


Let  us  illustrate  the  mentioned  method  based  on  the  example  of 
the  calculation  of  the  collision  of  drops  with  cylinder.  In  this  case 
the  task  becomes  two-dimensional.  Ihe  velocity  field  during  the  flow 
around  round  cylinders  in  dimensionless  coordinates  is  described  by 


the  equations 


_  .  i-  — 
h  -  1  ■  (is  + 1 ?r- 

^  (5-  i-  V)1 


After  substitution  (1.24)  into  system  of  equations  (1.6),  the 
latter  is  converted  into  the  complicated  system  of  the  nonlinear 
differential  second  order  equations. 

"=  -  7{  *'-[*-  ife&]  J  {'  +0.17Re„a'[(  l  - 
-s')'+(rwF-v)’f) 

>-[v - «%-•]{'' + °-,7R'»vt( '  - feS  -  s’)‘  - <U5’ 


2fr|  _  ,, 

-  +  VP  < 


The  integration  of  tae  equations  of  motion  of  drops  (1.25)  was 
realized  step  by  step,  from  one  section  to  the  next,  for  each  of 
which  the  speed  of  flow  .  tir.  )  was  considered  constant.  Constant  was 
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considered  Reynolds  numoer  ia  eacft  section,  what,  let  us  note 
incidentally,  is  less  important  assumption,  than  the  first.  In  this 
case  the  system  of  equations  (1.20)  with  two  unknowns  decomposes  into 
two  linear  differential  ones  equation  with  constant  coefficients 
(1.25*)  and  ( 1. 25") whicn  easily  are  integrated  in  the  elementary 
functions 

=  (1.25  ) 

ri  "=-*/(V-*y).  (i.27') 

Here  /,  =  =  1  1  0 'J---1-  ,  anu  ana  11  n '  -  constants  for  each  i 

section  of  velocity  of  flow  along  the  axes  £.  and  >1  The  solutions  of 
equations  (1.25*)  and  (1.20“j  take  the  form 

;  —  (/,'  e  y‘ z  }-  //:'  -  -  a.1, 

y,  =  b,‘  e~  7|  T  +  u,  !  bJ. 

Coefficients  a/,  at‘,  b ana  b7‘  ire  found  from  the  conditions  of  the 
cementing  of  the  solutions  at  tne  end  of  the  i-th  and  beginning  of 
(i>1)  sections. 

Page  24. 

Moving  in  the  solution  rrom  one  section  to  the  next,  it  is  possible 

to  construct  the  trajectory  of  arop  up  to  its  intersection  with  the 

« 

duct/contour  of  cylinder,  ir  arop  deposits  cn  it,  or  to  those  pores 
when  trajectory  passes  knowingxy  past  cylinder. 
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the  dismantled/selected  calculation  method  gives  the  possibility 
to  solve  the  unknown  task  to  any  degree  of  accuracy  -  for  this  it 
suffices  to  select  properly  the  Value  of  intervals  (i.e.  to  make 
their  sufficiently  snail  ones). 

Thus,  were  constructed  me  tangential  trajectories  of  drops  and 
were  found  complete  coefficients  of  capture.  The  comparison  of  our 
calculations  when  ^  —  q  witn  tne  results  of  the  calculations  of 
different  authors  is  given  in  Fig.  4  >. 

FOOTNOTE  l.  Fig.  4  is  borrowed  iron  the  latter/last  work  of  Davis  and 
Peetz  [49].  ENDFOOTNOTE. 

Prom  Fig.  4  it  is  evident  tnat  our  results  virtually  coincide  with 
the  data  of  Langmuir  and  dlodgett.  The  more  detailed  information 
about  the  calculations  of  Langmiic  and  3lodgett  is  contained  in  the 
work  of  Tribus  [77].  Utilizing  his  own  calculations  and  results  of 
the  calculations  of  Langmuir  anu  biodgett  there  were  constructed  the 
diagrams,  on  which  in  coordinates  (p,  Re0)  were  carried  out  the 
isolines  of  the  capture  ii  (Fig.  5a)  full  of  coefficient,  local 
coefficient  of  capture  at  tue  critical  point  of  cylinder  E0  (Fig.  5b) 
and  acceptance  angle  a  (Fig.  5c) ,  which  was  equal  to  the  half  the 
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arc,  included  between  extreme  tangential  trajectories. 

According  to  the  method,  described  in  [14],  were  determined  the 
trajectories  of  drops  during  tue  tlow  around  of  sphere  and  flat/plane 
plate. 
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Fig.  4.  Dependence  of  tne  coaplete  coefficients  of  capture  E  on 
parameter  p  for  round  cylinders  according  to  different  authors. 
Points  noted  the  values,  outained  in  the  calculations  of  the  author 
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In  spherical  coordinates  tne  function  of  current  and  velocity 
potential  for  a  sphere  are  assigned  by  the  equations 


whence  easily  is  deterained  tne  velocity  field  around  sphere,  which 


I 
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in  dimensionless  coordinates  taaes  the  form 


-IT 


(1.2K) 


T|  ps  ’ 


where  p  *  W V  ~  a  dimensionless  radius  vector. 


In  the  solution  of  system  or  equations  (1.7)  in  velocity  field, 
assigned  by  system  of  equations  i1.26),  were  not  considered  the 
deviations  from  Stokes'  law.  it  is  possible  to  consider  that  results 
obtained  in  this  case  are  surricieatly  precise  with  Reo<10,  since  the 
disregard  of  deviation  rrom  Stoles*  law  gives  in  this  case  the  error 
in  the  determination  of  tae  coefncient  of  capture  E  not  more  than 
5- 1 Oo/o. 


Considerably  more  complied teaiy  is  expressed  velocity  field  for 
an  infinite  thin  plate-strip/r^lm. 


In  dimensionless  cooruiuates  the  function  of  current  [32]  takes 


the  form 


•V  V  i  IV  U  -  V  -!-  iV  ; T»  V-(j  -  V  h  v’)|- 


Hence  we  obtain,  that  velocity  neld  is  assigned  by  the  following 


equations 


i  <> 

ii  .  -  ■ 

r)  7. 


"r-'  ol 


_ if,  1  '2  :j',  —  >i  | 

V  2  ) f  o-  ‘  i  :*  v  W  i-  I  ;•  V  —  •» 

'  —  '•St  2VI+  •J_1  ‘  '■  '  V 

1  r'i  1  I  | 


DOC  =  79116102 


PA  GiS 


Fig.  5.  a)  the  diagram  or  tue  uepaudence  of  total  capture  coefficient 
on  parameters  p  and  Ren  for  a  ccuuu  cylinder. 

Page  26. 

Here 


a  :  1  -  r\ 

When  velocity  field  is  assigned  by  system  of  equations  (1.27), 
the  solution  of  equations  (1.7)  is  so  cumbersome  which  is 
impracticable  without  special  computers.  However,  if  we  examine  only 
the  narrow  central  section  of  plate,  then  equations  (1.27) 
considerably  are  simplified. 
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Fig.  5.  b)  the  diagram  oi  cue  uependence  of  the  local  coefficient  of 
capture  E0  in  critical  point  of  round  cylinder  on  parameters  p  and 


Fig.  5.  c)  the  diagram  or  tne  dependence  of  the  acceptance 
for  round  cylinder  on  parameters  p  and  Re0. 
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Being  United  to  tne  trajectories,  distant  behind  centerline  at 
infinity  not  tore  than  on  |E|=_0.<»I,  it  is  possible  to  consider  that  up 
to  i7,|r:0,2  occurs  inequ al ity  1 5  1  « '| j,  then  equations  (1.27)  are 
simplified  and  can  be  written  in  tne  form 


«„=-  — ’l-,  +  OlS*> 
1  <i+hVJ 

Ut  — 5-—  I  0(5*), 

(1  +  Tr) 


(1.28) 


where  0(5)-  a  low  value  of  ord«r 


a  hen  |  ttj  |  <  0.2  it  is  possible  to  simplify  expressions  (1.27),  after 
placing  |y,  *i|  1.  then  eguatious  (1.27)  they  take  the  form 


«e  =5(l  (--  l  v)-f-  0(p  +  Vf*), 
«,=  --,(!+  4  5*  -  4  v)+  0([55  +  VfS. 


(1.29) 


With  the  aid  of  systems  of  agnations  (1.28)  and  (1.29),  air 
speeds  which  assign  field  near  centerline,  it  is  sufficiently  simple 
to  calculate  the  trajectories  or  drops.  Calculations  were  carried  out 
without  taking  into  account  deviation  from  Stokes'  law  (pi'g»  6),  and 


and 
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for  one  special  case  -  tne  determination  of  corrections  to  the  air 
intake  of  drops  (Fig.  10)  -  ta*iug  into  account  this  deflection. 

B)  the  flow  around  wing  pror iles/air f oils. 

The  determination  of  the  coefficients  cf  capture  for  the  bodies 
of  the  simplest  forms  ana  for  round  cylinders  was  especially  the 
necessary  stage  in  the  resolution  of  the  problem  of  icing.  However, 
the  obtained  information  anout  tne  character  of  the  flow  around 
different  bodies  of  cloud  drops  with  entire  obviousness  lead  to  the 
conclusion  that  during  the  study  or  the  icing  of  the  planes  of  the 
aircraft  and  its  other  parts  w^tn  streamline  profiles  in  section  it 
is  not  possible  to  be  limited  to  tne  calculations,  made  for  round 
cylinders.  On  the  other  haud,  tne  development  of  computational 
technology  made  it  possible  to  approach  directly  the  determination  of 
the  trajectories  of  drops,  flowing  around  together  with  airflow  about 
the  more  complicated,  so-called  wiug  profiles/airfoils.  A  similar 
problem  was,  of  course,  cousiuerauiy  more  complicated  and 
calculations  are  incomparably  more  labor-consuming  than  in  the 
examination  of  the  precipitation  of  drops  to  round  cylinders. 
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Fig.  6.  Dependence  of  the  local  coefficient  of  capture  E0  at  the 
critical  point  of  the  flat/plane  plate,  directed  normal  to  flow  on 
parameter  p  at  Reo=0. 

Page  28. 

Most  completely  a  guestion  ox  settling  of  drops  to  wing 

LPa-rto-P ■0er<^r<ui  '*>  m  erf,  p».~b  I  i  loy  igjTd.  m  h»§ —  _ . 

protiles/airf oils  was  investigated  by  Bergran  in  1951  [  44 ]7f 

following  article  [45],  deaicatea  to  attempt  find  a  simpler  way  of 

position  finding  of  settling  drops  to  wing  profiles/airfoils, 

distributions  of  the  collisions  ox  drops  according  to  the  surface  of 

wing  and  velocity  of  their  collisions.  The  eguations  of  motion  of 

drop  Bergran  writes/records  in  a  dimensionless  form: 
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Calculations  were  given  oy  it  on  the  differential  analyzers,  in 
terms  of  assigned  values  Be0  ana  according  to  initial  conditions 
the  analyzer  drew  the  trajectories  of  water  drops. 

In  appendix  1  are  given  tne  tables  of  results  of  tne 
calculations  of  Bergran. 

On  these  tables  it  is  possible  to  calculate  the  values  of  the 
coefficient  of  capture  for  tne  s«=ries/row  of  the  values  of  parameters 
p  and  Re0  (two-last  coluiuus  in  tne  tables  appendix  1  have  comprised 
we).  Bergran  examined  four  lo-percent  Zhukovskiy  profiles  - 
symmetrical,  at  angles  or  attacx.  0.2  and  4°  and  the  bent 
profile/airfoil  with  lift  coerncient  cy  =0.44  at  zero  angle  of 
attack.  The  velocity  field  or  currant  around  prof iles/airf oils  was 
determined  analytically,  and  tor  lo-  percent  symmetrical 
profile/airfoil  NACA  65a-015,  velocity  field  was  determined  by  the 
method  of  electrodynamic  analogy. 

L.  H.  Levin  conducted  in  195a  the  calculaticns  of  the  series/row 
of  the  trajectories  of  drops  or  approximately  9o/o  of  the  symmetrical 
profile/airfoil  NACA  -  0009.  m  the  same  1954  we  carried  out  some 
trajectory  calculations  cf  tne  drops,  depositing  on  a  curved  profile 
of  the  type  NACA  -  2215.  fnis  pror ile/airf oil  does  have  a  plane  of 
aircraft  LI-2. 
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The  results  of  the  calculations  indicated  do  not  yield  to  direct 
comparison,  since  they  are  related  to  the  different  parameters  p  and 
Re0.  Horeover,  in  this  tern  these  data  give  the  solution  only  of  the 
separate  specific  problems,  which  are  of  in  general  only  limited 
interest.  Therefore  was  logical  to  attempt  to  construct  the  grid  of 
the  values  (or  diagram)  of  the  coefficient  of  capture  E,  making  it 
possible  to  determine  E  with  any  p  and  Re0* 


It  turned  out  that  tne  data  of  Bergran  and  Levin  make  it 
possible  to  construct  similar  diagrams,  if  is  known  the  behavior  of 
function  E(p)  at  very  low  and  nign  values  of  p,  at  the  different 
values  of  Rea. 


In  the  2nd  section  of  chapter  1  has  already  been  mentioned  about 
that  which  with  decrease  p  to  p«>  r.  decreases  to  zero  independent  of 
value  Re0.  The  knowledge  of  values  P*p  is  necessary  for  obtaining  of 
complete  representation  aoout  tne  coefficient  of  the  capture  of  cloud 
drops  by  aircraft.  Because  or  the  works  of  Bergran  and  Levin  a 
guestion  about  the  numerical  values  of  p  for  different  streamline 
profiles  of  propeller- driven  aircraft  can  be  considered  solved. 

Page  2  9. 
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For  Levin  it  was  possioie  to  obtain  analytical  expression  P-p 
depending  on  thickness  ratio  "c,  iirt  coefficient  cy  and  relative 
curvature  f  for  different  luuiiovsxiy  profiles.  Decomposing/expanding 
his  solution  in  series/row  vita  an  accuracy  to  the  values  of  the  3rd 
order  of  smallness,  Levin  comes  to  convenient  in  practical  use,  truth 
to  the  somewhat  bulky  formula 

Phv  ..  (i,296f*(l  “  2,31  c -i  3,K5<  *-  5,58  cs)  :  0,0'27c,"|  I  •  ">.*»<•  1 
14,5  c  -  —  25,7  c 1  — f  >,0127  cy  ( 1  —  19,25  c)!  !  2/*|(l  2,31  i7  <- 

•  0.592  c"  If, ,3c  24  f  (1  -  4,37  c)  -  0.622  c,*  (I  7,06  c)|  - 

—  0,31  X/-  Cy  ( I  3,35  c  •  6.51  F*  -  4,33 F'  -  0,127  r/ (I  r't08r)  • 

-  42/*  (1  -  5.61  7-)].  0.31) 

In  Bergran's  work  £  US  j  is  given  relationship/ratio 

-  -  4  Re„ - f)S- — 4  Re0<7, where  G  -  a  distance  along  the  trajectory  of 

drop  in  chord  (let  us  recall  taat  />„p— -  ,  and  are  given  the  results 

of  calculations  G  for  toe  iauxovsciy  profiles  and  ellipses  in 
dependence  on  relative  thicKuess  and  a  lift  coefficient 
(application/appendix,  rig.  Ju). 


Bergran  indicates  tnat  a  similar  graph/curve  it  is  possible  to 
use  for  any  wing  profi les/airfoiis  whose  maximum  thickness  is 
arranged/located  nearer  to  tne  spout  of  profile/airfoil.  Errors  due 
to  the  approximation  of  airiateut  profiles/airfoils  Zhukovskiy's 
profile  by  the  same  relative  tmcxness  and  the  same  lift  are 


•xsrrp^  gWu  ^  _ 
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unessential#  since  chanjo  p«p  even  to  lOo/o  exerts  negligible  effect 
on  the  size  of  coefficient  and  zone  of  capture. 

Let  us  incidentally  note  tnat  for  high-speed/velocity 
profiles/airfoils  whose  tuicxening  falls  to  the  middle  of  chord, 
Bergran  proposes  to  use  tae  graph/curve,  designed  for  an  elliptical 
profile/airfoil  (Pig.  34). 

Comparison  of  P« p  for  15-  percent,  profile/airfoil,  found  from 
Levin's  formula  (1.31)  witn  i=0  ana  on  the  curves  of  Bergran  (Tabl. 

1)  ,  showed  that  they  dirfer  not  more  than  to  2-3o/o. 

On  the  basis  of  the  calculations  of  Bergran  and  Levin  and 
considerations  about  asymptotic  property  of  change  E  with  increase  of 
p#  and  also  data  about  P«v  was  possible  to  construct  the  diagrams  of 
dependence  of  E  on  p  and  de0  for  six  profiles/airfoils. 


DOC  =  79116103 


P  Adii 


'fable  1.  Values  /’«p  for  1b-  percent  Zhukovskiy  profile. 
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key:  (1).  On  Levin.  (2).  According  to  Bergran. 
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Before  con verting/transrer r ing  to  the  analysis  of  these 
diagrams,  let  us  note  tnat  rrom  the  tables  of  Bergran  and  data  of 
Levin  it  follows  that  tae  accuracy  of  the  values  E  obtained  by  them 
with  E<0.  1  is  such,  that  tne  errors  in  terms  of  absolute  value  can 
reach  0.02  and  it  is  possiuly  more.  Actually/really,  for  15-  percent 
symmetrical  Zhukovskiy  profile  at  a=4°  Bergran  obtained  in  parameter 
p=0.015,  and  Re„=64  and  2bo  values  of  E,  respectively  egual  to  0.022 
and  0.02  (see  appendix,  tame  Jj,  tor  a  prof ile/air foil  with  the 
angle  of  attack  of  a=2°  witu  p=d.d15  and  Re0=16  is  obtained  value 
E=0.020,  but  for  the  same  p  and  He0=64,  value  E=0.02 2  (table  2  of 
application/appendix)  wnioh  is  clearly  erroneous.  By  that  understated 
seems  to  us  value  E  =  0.04b,  ootaineu  by  Levin  for  profile/airfoil 
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NACA-0009  with  p=0.027  and  Heo=1l0.  The  calculations  of  the 

i 

coefficients  of  capture  tor  very  low  values  of  p,  which  approach  />  „ . 
are  very  complicated  even  aucia^  the  use  of  computers. 

Let  us  compare  diagrams  tor  ueternining  the  coefficient  of 
capture  E,  constructed  tor  tne  symmetrical  prcf iles/airfoils  of 
different  thic)cness  ratio  -  9-  percent  NACA-0009  and  15-  percent 
Zhukovskiy  profile  at  zero  angle  of  attack.  In  Fig.  7  are  plotted  the 
isolines  of  the  equal  to  a  tor  each  profiles/airfoils. 

From  physical  considerations  it  is  clear  that,  other  conditions 
being  equal,  the  coefficient  of  capture  E  for  NACA-0009  must  be 
always  more.  However,  we  see  tnat  in  Fig.  7  not  all  isolines  of  the 
equal  to  E  for  NACA  -  0009  pass  nerow  appropriate  isolines  for  a 
Zhukovskiy  profile.  This  can  oe  caused,  on  one  hand,  by  an  inaccuracy 
in  calculation  and  construction  of  isolines  and,  on  the  other  hand, 
apparently,  fact  that  the  coefficient  of  capture  relatively  little  is 
changed  with  a  change  in  tne  prcf ile/airfoil  of  aircraft  from 
9-percent  to  15-percent.  Differences  in  the  coefficients  of  the 
capture  of  the  profiles/airi  Oils  in  question  do  not  exceed  0.04, 
remaining,  as  a  rule,  less  than  0.02. 
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Fig.  7.  IsoXines  of  egual  fu lx  of  coefficient  capture  for  15o/o  of 
symmetrical  Zhukovskiy  profile  (solid  lines)  and  for  prof ile/airfoil 
NAC A- 0009  (broken  lines)  at  zero  angle  of  attack.  1  -  Bergran's  data 
2  -  Levin's  data. 

Page  31. 


Front  Fig.  7  it  is  clear  that  when  E  for  9-percent 
Ic/a irfoi  1  proves  to  oe  less  than  E  for  15-percent,  them  it  is 
not  possible  to  explain  only  by  an  inaccuracy  in  the  construction  of 
isolines.  Sometimes  easily  can  d«s  noticed  the  inaccuracy  in 
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calculations  themselves  (ror  example,  as  it  was  noted,  value  E=0.045 
for  NACA-0009  with  p=0.0x7  ana  heo=110  it  is  clearly  understated). 

Being  based  on  these  considerations ,  it  is  possible  to  draw  the 
general/common/total  ccuciusion  tnat  for  wing  profiles/airfoils  the 
coefficient  of  capture  h  was  determined  by  Bergran  and  Levin  with  an 
accuracy  to  0.02.  About  tae  tact  taat  the  error  cannot  be 
substantially  more  than  tnis  numeral,  it  testifies  the  fact  that  the 
isolines  of  the  equal  to  il  tor  ^rorile/a irf oil  NACA-0009  virtually  by 
pillar  lie/rest  below  isonnea  t  tor  15- percent  profile/airfoil, 
being  deflected/diverted,  as  a  rule,  no  more  than  to  0.02-0.04,  that 
it  could  not  occur  with  large  random  errors. 

Consequently,  changes  of  tae  coefficient  of  capture  in 
dependence  on  thickness  ratio  lie/rest  within  the  limits  of  values 
0.00-0.04  with  a  change  in  the  tnickness  ratio  from  9  to  15o/o  and 
cannot  be  reliable  determined  oy  the  available  calculations. 

It  is  interesting  to  compare  the  coefficients  of  capture  at 
different  angles  of  attacic  a  and  camber  of  profile/airfoil.  Let  us 
note  that  during  the  calculation  of  the  coefficients  of  capture  for 
symmetrical  Zhukovskiy  profiles  with  the  angle  of  attack,  different 
from  0°,  we  took  into  consideration,  that  with  an  increase  in  the 
angle  of  attack  a  increases  aidsection  the  section  (1.02  times  at 
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a=  2°  and  1.045  times  at  a-4°).  ins  coaparison  of  the  constructed 
diagrams  showed  that  the  effect  of  the  factors  indicated  snail  and 
does  not  exceed  15-20o/o  with  E>0.2,  reaching  30o/o  with  E=0. 1. 

Suaaing  up  our  conclusion/output  about  the  coaplete  coefficient 
of  capture  for  wing  prof iles/airfoils,  it  is  possible  to  say  the 
following. 

1.  Relative  errors  for  aost  reliable  calculations  for  wing 
profiles/airfoils,  carried  out  by  dergran  and  Levin,  can  reach  lOo/o 
with  E=0.2,  decreasing  with  increase  of  E.  In  absolute  value  these 
errors,  probably,  do  not  exceed  value  of  0.02. 

2.  Effect  of  angle  of  attacx.  in  the  range  fron  0  to  4°  and 
thickness  ratio  in  the  range  rroa  9  to  15o/o  is  coaparatively  saall 
and  becomes  apparent  in  saall  oscnlations/vifcrations  E  about  certain 
average/nean  value  on  the  order  of  ♦- 0.02-0.03. 

These  two  conclusion/output  made  possible  to  construct  the 
single  diagram,  making  it  possioie  to  determine  the  coefficient  of 
the  capture  (when  it  is  more  tnan  0.2)  for  aviation  profiles/airfoils 
in  thickness  ratio  from  9  to  15o/o  and  angle  of  attack  from  0  to  4°. 
It  is  possible  to  assume  mat  tms  diagram  will  be  suitable,  also, 
for  curved  profiles,  whica  fortifies  itself  by  the  comparison  of  data 
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for  the  bent  Zhukovskiy  proms  *xth  single  diagram. 

The  construction  or  smgxe  diagram  is  carried  out  in  Fig.  8a,  in 
which  are  carried  out  the  xsolines  from  E=0.2  and  it  is  above. 

Isoline  E=0. 1  is  carried  out  uy  primes.  In  Fig.  8b  this  diagraa  is 
constructed  in  more  demcnstrati mo  rora  -  here  along  the  axis  cf 
abscissas  in  logarithmic  scale  arc  depcsited/postponed  the  values  of 
parameter  p,  and  along  the  axis  or  ordinates  -  value  of  the 
coefficient  of  capture  h.  curves  are  constructed  for  the  the 
different  Re0.  In  Fig.  do  it  is  oiearly  evident  that  E  greatly  slowly 
approaches  its  limiting  valuer  -  to  zero  on  the  left  side  and 
virtually  to  unity  to  toe  rignt.  This  shape  of  the  curve  makes  it 
possible  with  large  conridauce  to  interpolate  value  E  between  E=0 
with  p-p  and  E=0.2. 

Page  32. 


Since  P k’  most  strongly  depenus  onxy  on  thickness  ratio  and, 
furthermore,  since  change  P«|.  even  several  times,  as  is  evident  from 
figure,  do  not  exert  substantial  eifect  on  shape  of  the  curve  E  (p) , 
then  we  for  all  15o/o  or  prof lies/airf oils  extrapolated  the  curves  E 
to  value  of  E=0  in  certain  mia-position  P*  (broken  lines).  For 
profile/airfoil  NACA  -  0009  dot-dash  line  is  given  extreme  line  with 
Reg  —0 . 


Ik 
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The  knowledge  of  capture  full  of  coefficient  plays  the 
significant  role  when  it  is  necessary  to  determine  the  total  quantity 
of  ice,  which  grows  on  wing  profile  per  unit  time,  for  example  during 
calculations  of  the  necessary  power  for  the  thermal  deicers. 
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But  in  a  whole  series  or  tae  cases  considerably  larger  value  has 
knowledge  of  the  icing  intensity  or  the  spout  of  the  wing  of 
aircraft,  determined  by  tne  local  coefficient  of  capture  E0. 
Unfortunately,  we  have  available  tne  considerably  scantier 
information  about  the  values  or  coefficient  of  E0  in  comparison  with 
the  data  about  the  complete  coetricient  of  capture. 

In  this  connection  it  was  represented  by  advisable  to  supplement 
existing  knowledges  witn  calculations  for  the  asymmetric  15-percent 
profile/airfoil  NACA-2215,  iymg  at  the  root  section  of  the  plane  of 
aircraft  LI-2.  The  greatest  mrnculty  is  obtaining  velocity  fields 
around  this  nonanalytic  prorne/airfoil,  i.e.  the  solution  for  this 
duct/contour  Neumann's  prouiem.  for  solving  this  problem  we  used 
known  electrohydrodynamic  analogy  and  as  first  approximation  accepted 
the  values  of  velocity  tiaius,  obtained  on  a  simple  electrical 
integrator  of  Elie's-12  type,  subsequently,  after  the  series/row  of 
smoothing  and  obtaining  ct  the  2nd  and  3rd  approximation/approach  by 
hand,  with  net  point  methou,  was  constructed  the  potential  field  of 


speeds,  and  thereupon  tne  isoiiues  of  the  equal  horizontal  and 
vertical  velocities. 

The  trajectories  ct  arops  were  obtained  according  to  the  method, 
described  above  (page  21  ana  rurtner).  For  determining  of  E„  were 
calculated  the  trajectories  or  arops  of  which  one  coincided  at 
infinity  with  the  extenued  cnoru  of  prof ile/airf oil,  and  two  ethers 
(also  at  infinity)  were  locates  on  both  sides  from  it  at  a  distance, 
equal  to  0.005  from  the  cnord  reiijth  of  profile/airfoil. 

Accuracy  obtained  rn  tnrs  case  in  determination  of  E„  is 
approrimately/exemplarily  equal  to  10-15o/o. 

All  in  our  possession  inroraation  about  the  local  coefficient  of 
capture  in  the  spout  of  protile/airfoil  E„  is  plotted/applied  in  Fig. 

9. 

As  can  be  seen  from  figure,  we  have  available  a  considerably 
smaller  quantity  of  data  aoout  dependence  of  E  on  parameters  p  and 
Re0  and  not  in  state  not  tor  one  profile/airfoil  to  construct 
sufficiently  detailed  diagrams,  however,  already  on  the  basis  of  the 
available  data  it  is  possible  to  urav  the  conclusion  that  E0  little 
depends  on  parameter  Re0.  Tneretore  virtually  for  calculation  E„  in 
15-percent  prof iles/airf oils  it  is  possible  to  use  dash  curve  (Fig. 


DOC  =  79116103 


PAGE 


9)  without  depending  on  value  of  He0.  Error  allowed  in  this  case  will 


hardly  exceed  20o/o  at  very  low  vaxues  of  E0. 
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Fig.  9.  The  dependence  of  tne  local  coefficient  of  capture  E0  in  the 
spout  of  profile/airfoil  on  parameter  p  (numerals  showed  Reynolds 
numbers)  . 


Key:  (1).  9o/o  the  symmetrical  profile/airfoil  NACA-0009  (on  Levin, 
these  1.  M.).  (2).  15o/c  symmetrical  Zhukovskiy  profile  (according  to 

Bergran's  data).  (3).  IPo/o  curved  profile  NACA-2215  (according  to 
calculations  by  TsAO  [central  Aerological  Observatory]). 
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chapter  II. 

AERODYNAMICS  OF  THE  FLCw  AHOUNd  HUnlES  OF  THE  FLOW  OF  THE 
POLYDISPERSE  AEROSOL. 

1.  Generalization  of  the  concept  or  coefficient,  capture. 

r 

Connection/communication  or  the  coefficients  of  capture  E  and  E0 
examined  in  the  preceding/ previous  chapter  with  parameters  p  and  Re0 
means  that,  other  conditions  Delay  equal,  they  deoend  on  a  radius  of 
drops  r.  Any  cloud,  however,  consists  of  the  drops  of  different 
sizes/dimensions,  in  otner  words,  any  real  cloud  is  polydisperse. 

To  simultaneous  account  uotn  aerodynamics  of  the  flow  around 
bodies  of  water  drops  ana  tne  polyuispersion  of  cloud,  it  is  possible 
to  generalize  the  concept  or  tne  coefficient  cf  capture  and  to^ 
introduce  the  so-called  integral  coefficient  of  the  capture  which  we 
will  designate  in  contrast  to  usuar  with  wavy  line  above.  Under  tha 
integral  coefficient  of  capture  E  we  will  understand  the  ratio  of  a 
quantity  of  water  depositing  on  oody  to  that  which  would  settle  in 
the  absence  of  the  effect  or  new,  i.  e. 
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\~T-r'n(r)E(r)f.ktdr  ^ 

E  -  — ,  o- - -  =  Jr  ^  4  *  r*rt  (r)/:  (r>  -  dr '  (2‘ 1  > 

j_*  dr  ^ 

However,  by  analogous  form  is  aeteimined  the  local  integral 
coefficient  of  capture  gA  Vicu  tne  aid  of  function  ^7  the  intensity 
of  ice  accumulation  in  any  section  of  body  will  be  written  in  the 
for* 

/  -^=  w~  u^Ej,  fi  cM/ceK.  (2.2) 

For  determining  the  integral  coefficients  of  capture  whose 
knowledge  is  necessary  uunng  tne  construction  of  the  quantitative 
theory  of  icing,  should  ne  Known  not  only  functions  E(r)  and  EM  (r)  , 
but  also  spectral  distnoutiou  cf  cloud  drops  according  to 
sizes/di*ensions,  i.  e.  function  n(r). 

2.  The  spectral  distribution  or  croud  drops  according  to 
sizes/dimensions. 

The  diversity  of  factors  ana  the  complexity  of  the  processes, 
which  participate  in  the  formation  of  clouds,,  until  now,  did  not 
make  it  possible  to  create  tne  surticiently  completed  theory,  giving 
the  possibility  to  determine  the  rorm  of  the  function  n(r).  Therefore 
now  our  information  rests  only  on  experimental  material.  Before 
converting/transferring  to  survey/coverage  and  analysis  of  this 
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material,  let  us  pause  uneiiy  at  some  fundamental  questions, 
connected  with  the  accumulation  of  material  itself. 

Page  35. 

Cloud  is  the  kind  of  aerosol  and  consists  of  a  large  number  of 
drops,  weighed  in  air.  A  nuaner  of  drops  into  1  cm3  of  air  oscillates 
from  ten  to  hundred.  Thus,  xf  we  compare  between  themselves 
different,  even  adjacent  parts  or  the  cloud,  then  the  density  of 
spectral  distribution  in  them  xs  different.  This  difference  is 
greater,  the  less  the  volumes.  So,  if  we  take  the  volume,  equal  to  1 
am3,  then  it  is  possible  mat  in  it  not  at  all  will  prove  to  be  drops 
and  then  n(r)=0,  but  if  tnxs  volume  hits  only  one  drop  with  a  radius 
of  r,  then  n(r)  will  be  expressed  oy  delta  function  -  6  (r) .  Arises 
the  question,  such  as  volume  of  axr  should  be  accepted  for  standard 
for  determining  the  spectral  distribution  of  drops  in  cloud.  Some 
works  in  this  region  conducted  in  UGO  P.  V.  D'yachenko  as  early  as 
19  50  [5]. 

Mathematically  a  question  can  be  formulated  as  follows. 

Let  us  examine  entire  cloud  as  certain  general  population  of 


drops,  and  a  quantity  or  the  measured  drops  N  as  certain  selection 
from  this  totality.  It  is  clear  that  in  comparison  with  N  the  total 
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number  of  drops  of  the  general  population  can  be  considered  equal  to 
infinity.  It  requests  itselx,  it  we  consider  that  all  drops  are 
agitated  in  cloud  randomly,  now  must  be  a  number  of  drops  in 
selection  N  in  order  with  tne  assigned  accuracy  tc  describe  entire 
general  totality?  Without  stopping  on  the  solution  of  stated  problem, 
which  would  take  away  us  oeyond  tne  framework  cf  the  present 
investigation,  let  us  point  out  only  immediate  conclusions  from  its 
setting  itself. 

It  is  obvious  that  tue  greater  N,  the  more  precise  one  selection 
will  transfer  the  general  population.  The  accuracy  of  the 
determination  of  a  radius  or  the  urops  of  the  greatest  recurrence 
from  the  laws  of  mathematical  statistics  is  proportional  [29], 

Thus,  for  obtaining  the  correct  representation  about  a  radius  of  the 
drops  of  the  greatest  recurrence  with  the  error  more  several 
percentages  (during  ranacm  wiring)  it  is  necessary  that  N  would  be 
order  of  tens  of  thousands,  i. e.  volume  was  on  the  order  of  100  cm3. 

For  the  catching  or  drops  serve  the  plates,  covered  with  oil  or 
fume.  The  size/dimensiou  or  drops  is  determined  with  the  aid  of 
microphotography/micropnotograpns.  A  quantity  of  measured  drops  on 
each  frame  in  this  case  can  reacn  several  hundred,  which  corresponds 
to  the  volumes  of  the  craar  or  cuoic  centimeters.  The  determination 
of  average  sizes  of  drops  trow  tne  method  of  multicylinders 
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corresponds  to  the  volumes  ot  tne  order  of  cubic  meters  and  more.  For 
obtaining  the  sufficiently  representative  data  about  the  distribution 
of  cloud  drops  according  to  snes/dimensions  by  the  method  of 
microphotography/microphotograph  u  is  necessary  to  take  several 
te sts/samples  to  plates  and  witn  each  to  produce  on  2-3  photographs. 

All  most  important  works  on  tae  study  of  the  microstructure  of 
droplet  clouds  both  in  our  country  and  abroad  they  were  based  on  the 
principle  of  the  taking  or  tae  samples  of  cloud  drops  with  the  fact 
or  by  another  instrument  as  receiving  part  which  served  the 
microscope  slide,  covered  with  oil  or  fume.  Spectrum  determined  thus 
of  the  sizes/dimensions  of  cioua  drops  differs  from  real  because  of 
the  series/row  of  the  systematic  errors,  characteristic  to  this 
method.  Most  essential  deflection  rrom  the  true  spectrum  causes  the 
flow  around  air  intakes  of  cloud  drops,  due  to  what  is  lost  the  large 
part  of  the  small/fine  drops,  hesearchers'  majority  either  did  not 
completely  turn  attention  to  tnis  tact  or  it  was  limited  to 
Indication  of  it,  without  introducing  the  necessary  corrections. 

Page  36. 

In  connection  with  tnis  it  was  represented  by  necessary  in  more 
detail  to  examine  the  errors,  cnaracteristic  to  the  air  intake  of  the 
system  of  TsAO  and  to  calculate  tne  necessary  corrections.  In  work 
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[32]  was  given  the  detailed  analysis  of  possible  errors  and  were 
determined  these  corrections,  tig.  10  gives  the  graph/curve  which 
Bakes  it  possible  to  find  tne  value  of  correction  factor  a(r) 
depending  on  a  radius  of  drops  r.  Thus,  a  true  nuaber  of  drops  of  the 
given  radius  n(r)  was  defined  as  tne  product  of  a  nuaber  of  grasped 
drops  on  a  (r) . 

Thus  were  finished  stocx,  obtained  during  flights  on  an  aircraft 
of  the  type  LI-2  in  in  the  period  rroa  1949-1954  „  Within  this 

time  by  the  group  of  the  colleagues  of  the  laboratory  of  the  cloud 
investigations  by  TsAO  under  A.  ft.  Borovikov's  management/manual  were 
studied  hundreds  of  different  ciouas  and  were  produced  tens  of 
thousands  of  microphotography/microphotographs  of  the  separate 
tests/saaples  of  cloud  drops  [ J J.  This  material  most  in  detail  and 
fully  describes  cloud  microstructure  of  the  laminar  forms  both 
air-mass  ones  and  frontal  ones.  Let  us  note  that  precisely  the  clouds 

of  laainar  forms  are  of  greatest  interest  in  the  examination  of  the 

* 

problem  of  icing,  since  tney  most  frequently  are  encountered  during 
flights. 


The  analysis  of  the  materials  of  TsAO  taking  into  account  the 
corrections  examined  above  snowed  that  in  all  cases  the  experimental 
data  are  depicted  sufficiently  well  as  the  formula  of  the  form 


n(r)  =  <ir*e 


—  br 


(2.3) 
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Formula  (2.3)  was  initially  proposed  as  early  as  1951  [31].  It 
was  compiled  on  the  basis  of  A.  M.  Borovikov's  data,  obtained  by  it 
daring  the  years  1948-1950.  in  the  same  year  Best  [46]  proposed 
another  formula 

i -/■■<*)= ,-«*•*.  <»•«) 

where  F(x)  -  the  accumulatea  mass  of  water,  i.e.  portion  of 
general/coamon/total  liguia-water  content,  containing  in  drops  by  the 
diameter  smaller  than  x,  a  and  x.  -  constant. 

Finally,  in  1954  L.  M.  levin  j.12]  found  that  the  lognormal 
distribution  so  very  descnoes  well  the  experimental  data  about  the 
distribution  of  drops  accoruiug  to  sizes/dimensions. 


Levin's  formula  takes  the  rora 


n  (x)  — 


_ 1__ 

i  y'Yx  x 


(2.5) 

1 
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Pig.  10.  Correction  curve  to  tne  network  air  intake  of  drops. 

Page  37. 

After  examining  in  detail  all  mentioned  formulas,  we  arrived  at 
the  conclusion  that  they  approximatel y/exemplar ily  equally  correspond 
to  experimental  data.  Large  simplicity  of  formula  (2.  3)  in  comparison 
with  (2.4)  and  (2.5)  with  approximately  the  same  accuracy  forced  us 
to  prefer  it  during  practical  calculations. 

In  formula  (2.3)  coerricienti.  a  and  b  can  be  expressed  through 
liquid-water  content  w  and  average/mean  (arithmetical)  radius  of 
drops  rir- 


Actually/really , 
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(  rn  (r)  dr 

j  rs  e  1,1  dr 
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n 

a 

1  n  ( r )  dr 

f  r  y  dr 

b 

i*  6 


and. 


■w  —  |  n  r*  f>,  •  «  (r)  dr  —  ~  -  a  |  r‘  r  hr^r  — 
therefore. 


3* 


r1  a 


3  r/rcp 


4  5! 


r'e 


Sf/f'cp 


(2.6) 


The  investigation  ct  microstructure  shoved  that  the  spectra  of 
the  distribution  of  drops  in  cloud  were  subjected  to  considerable 
oscillations/vibrations.  Furtaermore,  it  was  explained  that  the 
spectra,  constructed  on  the  data  about  the  sizes/dimensions  of 
several  hundred  drops,  which  corresponds  to  volume  on  the  order  of  1 
cm 3,  cannot  correctly  characterize  cloud  microstructure:  for  this  are 
necessary  in  each  case  tens  of  thousands  of  drops. 


It  must  be  noted  tnat  due  to  some  def iciencies/lacks  in  the 
technique  of  experiment  -  tne  loss  of  small/fine  drops  -  formula 
(2.6)  was  actually  obtained  on  tue  cut  spectrum  of  drops,  by  a  radius 
it  is  more  4p.  For  radii  r<4p  this  formula  can  prove  to  be 
insufficient  precise;  however,  tne  contribution  of  the  appropriate 
fine  drops  to  liquid-water  content  and  is  respectively  into  icing 
very  small. 
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After  feeding  results  to  tue  many- year  observations  of  TsAO,  it 
proved  to  be  possible  to  come  to  tue  conclusicn/output  that  on  the 
average  cloud  microstr ucture  of  laminar  forms  differs  little  one  from 
another,  i.e.  that  values  rp  in  taem  are  very  close.  The  large 
oscillations  in'Cp  can  ce  ooservea  in  isolatedes  cloud  of  one  and  the 
same  type  depending  cn  their  pnase  state,  presence  or  absence  of 
residues/settlings,  relative  neigat/altitude  in  cloud  and  so  forth, 
etc.  These  differences  are  greater  than  the  difference  between 
averaged  values  for  clouas  St,  Sc,  Ns  and  Ac.  However,  available 
statistical  material  did  not  maxe  it  possible  thus  far  to  more  deeply 
trace  the  dependence  of  miccostructure  on  separate  factors.  Table  2 
given  here  characterizes  mean  radius  >,r  in  clouds  of  the  type  St,  Sc, 
Ns  and  Ac,  moreover  clcuds  or  tne  type  St  and  Sc  are  illuminated 
somewhat  in  more  detail  -  entire/ail  thickness  of  these  clouds  is 
broken  into  3  layers:  lower,  average  and  upper.  As  one  would  expect, 
cloud  drops  in  proportion  to  removal  from  lower  cloud  base  are 
enlarged  in  accordance  witn  previously  known  materials  [3],  However, 
let  us  note  that  in  the  guite  upper  boundary  where  actually  occurs 
the  evaporation  of  cloud,  rrr  can  prove  to  be  noticeably  the  less 
corrected  values.  The  same  is  related  also  to  lower  boundary. 

The  extensive  studies  of  cioua  microstructure  were  carried  out 


also  in  the  USA  under  V.  lewis's  guidance 
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Some  results  of  these  woris  are  given  in  table  3.  Data  are 
borrowed  from  the  shape  cr  nnauton  [59], 

In  order  to  compare  tnes«  uata  with  results  obtained  by  us,  let 
us  note  that  on  the  basis  or  roiinuia  (2.  6)  the  median  diameter  of 
drops  by  volume  =  2  - 1  ,vi  /■,!,.  iu  table  3  to  the  right  r,,,  is  designed  on 
this  relationship/ratio,  i.e.  rC))  ~  o  d^x  .  Lewis's  data  completely 
satisfactorily  will  agree  with  our  results.  In  V.  Lewis's  article 
[65]  is  given  the  detailed  taoie  or  the  repetition  frequency  of  the 
different  values  of  the  mean  effective  diameters  of  drops  depending 
on  the  type  of  cloudiness.  Je  uo  not  give  here  this  table,  since  in 
the  article  it  is  not  said,  which  is  understood  under  mean  effective 
diameter. 

Since  sometimes  accoruiag  to  the  data  of  TsAO  r,,i  it  oscillated 
in  considerable  limits  -  rrorn  2.b  to  9  p,  subsequently  all 
calculations  were  performed  turougn  formula  (2.6)  for  the  range  of 
change  * .p  within  the  limits  from  i  to  10  p. 
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(4)  .  Laminar 
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FOOTNOTE  l.  </„  -  median  diameter  or  drops  by  volume,  i.e.  in  drops 

with  a  diameter  of  j  d  is  contained  as  much  water,  as  in  drops  from 
J  ■'  ENDFOOTNOTE. 

Page  39. 

3.  Liquid-water  content  or  supercooled  clouds. 

Hater  content  of  clouds  -  a  quantity  of  condensed  water,  which 
is  contained  per  unit  or  volume  or  air  -  is  another  important  factor, 
which  substantially  affects  icing  intensity. 

In  the  examination  or  rue  proolem  of  icing  basic  interest  are  of 
the  clouds  of  the  laminar  rorms,  to  which  was  turned  great  attention 
during  the  investigation  or  arc  restructure.  Most  completely  in  our 
literature  a  question  accut  water  content  of  clouds  of  laminar  forms 
was  studied  by  V.  Ye.  Minorvxn  in  combined  expeditions. 

It  is  known  that  the  liquid-water  content,  as  microstructure,  is 
subjected  to  considerable  osciiiations/vibrations.  instruments,  that 
measure  liquid-water  conteur  uunug  several  seconds,  in  which  the 
drops  recover  from  the  volume  or  order  of  tens  of  cubic  decimeters 
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(instrument  of  Zaytsev  £bj  or  Vonuagat  [  80  ])  »  indicate  that  it  can 
change  from  one  reading  to  tue  next  to  ten  and  even  hundreds  of 
percent.  This  means  that  in  oraer  to  compose  correct  representation 
about  average/mean  water  content  ol  clouds,  it  is  necessary  tc 
measure  a  quantity  of  tne  drop- tor  wing  water  in  volumes,  hundreds 
times  greater  than  this  is  required  for  a  microstructure. 

In  the  problem  of  tailing  ta@re  is  the  greatest  interest  in  the 
knowledge  of  the  values  or  the  liquid-water  content,  averaged  on  the 
large  sections,  equivalent  uy  voxuiae  0.1-1  m3  and  by  the  extent  of 
the  order  of  kilometers,  Tne  metnou  of  ice-settling  cylinders,  widely 
utilized  in  American  investigatious  and  used  by  V.  Ye.  Minervin, 
gives  precisely  the  same  averagea  values  of  liquid-water  content, 
with  examination  of  average/mean  (out  not  extreme)  values,  naturally, 
it  is  possible  to  utilize  the  data,  obtained  by  other  instruments. 
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Fig.  11.  Curves  of  the  accumulated  repetition  frequencies  of 
liquid-water  content  for  the  ciouds  of  the  various  forms:  a)  St,  Sc  - 
on  Ninervin  of  100  cases  (solid  line) ,  according  to  Lewis  372  cases 
(broken  line),  b)  Ac,  As  -  on  flinervin  of  16  cases  (solid  line), 
according  to  Lewis  264  cases  (oco&en  line) ,  c)  CU,  Cb  according  to 
Lewis  324  cases. 

Key:  (1).  g/m3.  (2).  ^eoetition  ^eouencv. 

Page  40. 

For  our  purposes  it  is  more  convenient  entire  to  present  data  on 
liquid-water  content  in  the  fora  of  the  so-called  graphs/curves  of 
the  accumulated  repetition  frequencies  (Fig.  11),  in  which  along  the 
axis  of  abscissa  are  depositea/postponed  the  values  of  liquid-water 
content,  and  along  the  axis  of  ordinates  -  a  number  of  cases  in 
percentages,  when  liquid-water  content  did  not  exceed  the  assigned 
value.  Both  the  data,  borrowed  xrom  Lewis's  article,  and  these  of 
Minervin  are  obtained  vita  the  aid  of  ice-settling  cylinders  the  time 
of  exposure  of  which  in  tne  process  of  measurements  oscillated  from 
1-2  to  10  min. 

The  results,  given  in  Fig.  11,  in  each  case  are  based  according 


to  V.  Lewis  approxiaately/exeaplanly  on  300  observations,  on 
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Ninervin  in  the  case  of  st-sc  -  in  100  observations,  in  As-Ac  -  in  16 
observations.  In  spite  of  comparatively  snail  statistics,  on  the 
basis  of  these  graphs/curves  it  is  evident  that  for  the  clouds  of 
laminar  forms  a  number  of  cases  with  liquid-water  content  v>0.5 
g/m3  does  not  exceed  several  percentages,  and  maximum  values 
virtually  do  not  exceed  1  g/m3. 

On  data  given  L.  T.  Matveyev  and  V.  S.  Kczharin  >,  the 
average/mean  values  of  tne  liquid- water  content  of  stratus  even  are 
less  than  obtained  by  V.  Lewis  and  V.  Ye.  Ninervin. 

FOOTNOTE  *.  Proceedings  of  tne  Academy  of  sciences  of  the  USSR  series 
geophysical.  No  11,  1956.  ENDFOOINOTE . 

In  convective  clouds  liquid-water  content  on  the  whole 
noticeably  greater  -  approximateiy/exemplarily  into  20o/o  of  cases  it 
exceeds  0.5  g/m3,  while  into  Z-Jo/o  -  is  above  1  g/m3. 

This  conclusion/output,  oased  on  V.  Lewis's  data,  qualitatively 
coincides  with  V.  A.  Zaytsev's  results  [6],  Large  water  content  of 
clouds  CU,  according  to  V.  A.  Zaytsev,  is  caused  by  the  fact  that  its 
measurements  are  related  to  more  warm,  summer  clouds. 


Summing  up  the  numerous  experimental  investigations  of  water 


DOC  *  79116103 


PAtifi 


content  of  clouds  [6,  15,  t»5,  59  j  and  their  aicrostructure  [3,  12, 

34,  59,  65],  it  is  possible  to  say  the  following  relative  to  the 
droplet  clouds  of  the  laminar  forms: 

1.  And  liquid- water  content  and  average  sizes  of  drops  can  vary 
noticeably  both  for  by  one  and  tae  sane  of  cloud  fore  and  in  one  and 
the  sate  cloud. 

2.  In  proportion  to  lift  rrom  lower  cloud  base  both  liquid-water 
content  and  sizes/di aensious  of  drops  usually  gradually  grow/rise  and 
only  near  quite  upper  cloud  boundary  sharply  they  decrease. 

3.  On  the  average  of  noticeanle  difference  in  cloud 
aicrostructure  of  laainar  foras  (St  and  Sc)  it  is  impossible  to 
reveal/detect. 

4.  Kith  temperature  decrease  average/mean  values  of  liquid-water 
content  decrease. 

4.  Calculation  of  the  integral  coefficient  of  capture. 

The  introduced  above  integral  coefficient  of  capture  was 
determined  by  the  expression 
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Thus,  the  integral  coefficient  of  capture  can  be  found,  if  is  known 
the  spectral  distribution  of  ciouu  drops  according  to 
sizes/diaensions  of  n(r)  ana  of  tne  dependence  of  the  coefficient  of 
capture  on  the  sizes/diaensions  of  drops  E (r) . 


n(r) 


Substituting  in  equality 
,  let  us  have 


1^.7)  expression  (2.6) 

t'(r)ilr. 


for  function 


During  the  calculation  or  tne  intensity  of  ice  accumulation  in 
any  section  of  body  analogously  is  determined  the  local  integral 
coefficient  of  capture  E ,, . 


Page  41. 

The  coefficients  of  capture  noth  complete  E,  and  local  E  •  depend 
not  only  on  the  fora  of  body,  out  also  on  its  sizes/diaensions  and 
speed  of  motion.  Thus,  the  integral  coefficients  of  capture  for  the 
body  of  the  assigned  fora  depenu  on  three  parameters:  r <-v  - 
characterizing  the  spectrum  of  tQe  sizes/diraensions  of  cloud  drops,  C 
-  certain  significant  disensiou  or  body  and  -  flight  speeds. 

On  the  basis  of  the  results  or  calculations  E  and  £,  in  3 
sections  of  chapter  I  ana  from  tnst  fact  that  the  coefficient  of 
capture  can  be  considered  virtually  independent  of  the  fora  of 
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profile/airfoil,  if  its  tmcxness  ratio  is  included  between  9  and 
ISo/o  (range  of  the  pronles/airfoils  which  actually  are  encountered 
in  cargo  fleet)  ,  were  calculated  dependence  of  E  on  r rp.  chord  lengths 
of  profile/airfoil  C  ana  rlignt  speed  ud  in  this  case  the  range  of 
velocity  change  ranged  ilob  bO  to  100  m/s,  chord  lengths  of 
profile/airfoil  from  1  to  400  cm  and  mean  radii  of  cloud  drops  in 
limits  fron  2  to  10p.  lae  results  of  calculations  are  represented  in 
the  form  of  the  corresponding  diagrams  in  Pig.  12. 

During  the  calculation  or  tne  integral  lccal  coefficient  of 
capture  in  the  spout  15o/o  proiile/airfoil  E0  the  problem  somewhat  is 
simplified,  since  in  the  first  approximation,  it  is  possible  not  to 
consider  dependence  of  h0  on  fieynolds  number  Re„. 
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Pig.  12.  Isolines  of  the  complete  integral  coefficient  of  the  capture 
of  the  aircraft  prof ile/airtoil;  a)  11  =50  m/s,  b)  Mcc  =75  m/s,  c)  urr, 

=100  m/s. 

Page  42. 

In  this  case  of  E0  depends  only  on  two  parameters  -  and  u  X!C, 
however  for  convenience  tue  final  results  of  calculations  are 
represented  also  in  the  fora  or  diagrams  (Fig.  13),  in  which  is  given 
dependence  of  on  r,p  and  C  at  three  values  of  speed 
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It  should  be  noted  tnat  dependence  B0  only  fcoa  two  parameters 
r.v  andu^/C  aakes  it  possible  to  sore  easily  simulate  the  conditions 
of  icing  when  us  interests  the  intensity  of  ice  accumulation  on  the 
spout  of  aircraft  prof iie/airf oil. 
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Page  4  3. 

5.  Connection/com munication  ot  intensities  of  icing  of  different 
aircraft  components. 

The  dependence  of  tne  integral  coefficient  of  capture  on  the 
sizes/dimensions  of  prcfiie/air toil  and  its  term  explains  the  well 
known  fact  of  different  icing  ot  the  different  parts  of  aircraft.  It 
suffices  to  say  that  the  icing  intensity  flight  aerologist's 
tenplate/pattern  can  be  almost  three  times  cf  more  than  the  icing 
intensity  of  the  wings  ot  aircraft.  In  this  connection  does  arise  the 
question  -  icing  of  what  aircrart  components  cne  snould  accept  as 
characteristic  ones  for  tn«  comparison  with  each  other  during  flights 
under  varied  conditions?  for  example,  in  the  Main  Administration  of 
the  Hydrometeorological  Service  as  standard  is  accepted  the  special 
template/pattern,  esta blisneu/mstalled  in  flight  aerologist's 
window,  in  GVF  usually  is  examined  rate  of  icing  of  plane,  etc. 
Furthermore,  does  arise  another  question,  it  is  possible,  knowing  the 
icing  intensity  of  one  part,  to  judge  about  the  icing  intensity  of 
another  and  that  for  this  necessarily? 
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For  a  response/answer  to  tnese  questions  we  return  to  expression 
(2.2),  which  is  determining  ue  icing  intensity  of  body,  and  let  us 
supply  with  index  "EH  or  tne  values,  which  relate  to  certain  by  us  to 
the  standard 

r 

Value  d  is  the  function  of  many  variable/alternating,  including 
speed  of  motion,  water  content  or  clouds,  temperature  and  other 
factors.  The  value  of  tue  eoeiticient  of  capture  E  depends  on  form 
and  sizes/dimensions  of  tne  icing  up  body,  spectrum  of  the 
sizes/dinensions  of  cloua  mops  ana  flight  speed.  On  many  factors 
depends  \»  • 


Therefore,  it  would  seem,  it  cannot  be  obtained  sufficiently 
simple  method  of  determination  tram  r.  the  icing  intensity  I  of  any 
another  part.  However,  we  investigate  this  question  more  attentive. 
It  is  easy  to  see  that 

,  -  i  9JL i  JL  (2.<n 


The 

value 

p, 

shown  in 

i« ,  <;*(>() 


posed 

r  of 

j^hapt 

km/h) 


problem  considerably  will  be  simplified,  if  we  place 
the  equal  to  unity.  This  assumption  as  this  will  be 
er  III,  in  essence  it  is  correct  for  cargo  fleet 
with  temperatures  nelow  -  5°.  With  too  great 


liquid-water  contents  tins  assumption  is  not  disrupted  to  -3°  and 
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only  at  higher  tern pe rat ures  deflections  from  unity  can  become  are 
sufficiently  perceived. 


With  that  made  assumption  of  expression 
simplified  in  it  takes  the  form 


/  , 


(2.9)  substantially  is 

10) 


Let  us  recall  that 


Page  44. 


re 


.  I:(r)  dr. 


If  the  values  of  tne  coetixcxents  of  capture  E(r)  were  not 
changed  in  the  process  or  icing,  tnen  for  the  selected  standard  and 
the  part  being  investigated  relation  EE,  would  be  function  only  r,,, 
and,  with  the  known  structure  or  crouds,  easily  it  would  be 
determined  from  the  re lationsm p/ratio 

l  —  l  ■  F(riv) 

So  that  the  form  of  standard  less  possible  would  be  changed  in 
the  process  of  icing,  we  selected  the  rotating  cylinder.  The  diameter 
of  cylinder  had  to  be  sufficient  tc  large  ones  so  that  not  strongly 
had  to  be  large  enough  that  ou  it  would  deposit  the  noticeable 
portion  of  cloud  drops.  optimum,  in  th»  best  way  corresponding  to 
the  presented  requirements,  tnere  was  selected  a  cylinder  with  a 
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diameter  of  5  cm.  The  instrument,  as  receiving  part  which  serves  the 
cylinder  which  rotates  cy  50  mu,  was  designed  in  Nil  [Scientific 
Research  Institute]  GMF  ty  rt.  la.  azbel. 

To  strictly  consider  cnange  £  in  the  increase  of  ice  is  not 
impossible.  However,  for  sucn  large  bodies  as  the  wings  of  aircraft, 
hardly  should  be  expecteu  tne  large  changes  E  in  the  process  of 
icing,  since  the  thickness  or  tne  layer  of  ice  is  too  small  in 

M 

comparison  with  the  sizes/aimensions  of  wing,  -moreover,  hardly  should 
be  expected  the  large  changes  £  in  the  build-up/growth  of  ice  and  for 
the  series/row  of  other,  too  tine  details  of  aircraft  until  grown  ice 
changes  significantly  their  form. 

Taking  into  account  tne  fact  that  the  water,  which  deposits  on 
the  forward  section  of  the  cylinder,  because  of  rotation  is 
distributed  all  over  surrace  of  tne  latter,  equation  (2.10)  should  be 
written  in  the  form 

1 <-M0 

where  E,  -  local  coefficient  of  capture  in  the  position  of  aircraft 
which  interests  us,  and  Et  ~  complete  coefficient  of  capture  for  the 
cylinder  with  a  diameter  of  50  mu. 


i 
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Relationship/ratio  (2. 11i  is  especially  valuable  when  we  want  by 
standard  to  determine  the  intensity  of  ice  accumulation  on  the  spout 
of  the  wing  of  aircraft,  since  to  measure  directly  the  icing 
intensity  of  the  plane  oi  aircrart  is  extremely  difficult,  the 
same  time  the  icing  of  planes  is  tne  basic  reason  for  deterioration 
in  aerodynamic  aircraft  yuality/r ineness  ratios. 

After  calculating  dependence  E,  on  r  for  flight  speeds  on  50, 
75  and  100  m/s  1  and  utilizing  tne  results  of  calculations  E0, 
represented  in  Fig.  13,  was  round  the  dependence  of  conversion  factor 
(SIO  -  profile/airfoil)  irom  parameter  r.P  and  chord  length  cf 
profile/airfoil  C  for  tne  same  tnree  values  of  flight  speed. 

FOOTNOTE  i.  In  calculations  were  accepted  ,  o,i76  cm*/s, 

p=1.67»10"*  g/cm  and  diameter  or  cylinder  d=5  cm.  ENDFOOTNOTE. 

The  obtained  dependence  is  represented  in  Fig.  14. 
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Pig.  14.  Connection/communication  of  conversion  factor  fro*  icing 
intensity  of  standard  (SiO)  to  icing  intensity  of  plane  in  its 
frontal  part  with  a  chocu  length  o£  profile/airfoil  of  C  and  spectrum 
of  cloud  drops  rcp  (numcer  ny  curves)  ;  a)  «,  ^so  m/s .  b)  u,-7s  m/s 
and  c)  ux  too  m/s.  Along  tnc  axis  of  ordinates  are  given  the  values 
of  coefficient  ^  — 

Page  46. 

The  analysis  of  curves  in  Fig.  14  leads  to  very  interesting 
conclusion  about  the  fact  tnat  at  the  chord  length  of  profile/airfoil 
from  2.8  to  3.2  m  the  conversion  factor  froa  /,  to  I  profile/airfoil 
virtually  remains  constant,  osculating  approximately/exemplarily  to 
lOo/o  about  its  aver age/mean  value  of  3. 1  with  a  change  in  the  flight 
speed  from  50  to  100  m/s  and  mean  radius  of  drops  from  3  to  10. 

The  fact  that  the  conversion  ractor  in  the  examined  case  proved 
to  be  little  depending  on  tne  type  of  clouds  (r  ,,)  and  from  speed 
fluctuations  within  limits  of  2U0  to  350  km/h,  gives  the  possibility 
of  introducing  permanent  conversion  factor  for  determining  the  icing 
intensity  of  the  plane  or  contemporary  transport  aircraft  of  the  type 
LI-2  and  11-12  in  its  center  section  (C=3  m) .  This  conversion  factor 

t 

is  equal  to  —3.  In  ehapter  IV  it  is  shown  that  the  practice 
confirmed  the  obtained  conclusions. 
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Utilizing  formula  ii.11),  it  is  possible  to  also  design  the 
general/common/total  mass  oi  ice  depositing  for  plane.  For  this  it  is 
necessary  £,  to  replace  kuq  tne  complete  integral  coefficient  of 
capture  E  and  to  multiply  tne  obtained  result  for  the  area  of  the 
midship  section  of  plane. 

Then,  whereas  analogously  utilizing  curves  in  Fig.  12  for 

•V  it  ti 

determining  of  E,  it  is  easy  to  rind  values"  and*  knowing  L  and 
the  area  of  the  midship  Section  of  plane,  to  determine  the 
genecal/common/total  mass  or  ics,  ueposited  to  plane. 
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Chapter  III. 

ROLE  OF  THE  PROCESSES  OF  nEA'i  EXCHANGE  IN  AIRCRAFT  ICING. 

1.  Coefficient  of  freezing  (generai/common/total 
relationships/ratios) . 

initially  during  tne  study  ox  aircraft  icing  it  was  proposed 
that  entire  falling  on  aircrart  water  freezes  at  the  moment  of 
collision  with  its  surface.  However,  to  researchers  it  was  always  it 
is  clear  that  with  high  temperatures  (close  to  0°)  and  at  high  flight 
velocities  this  assumption  can  oe  erroneous.  Already  Ludlam  in  1951 
[67],  estimating  the  errors  or  ice-depositing  instruments,  which 
measure  the  liquid-water  content  and  the  sizes/dimensions  of  drops  in 
supercooled  clouds,  paid  serious  attention  to  the  possibility  of  the 
incomplete  freezing  of  the  depositing  water. 

Let  us  examine  qualitatively  the  picture  of  the  formation  of  ice 
on  the  surface  of  aircraft  during  the  collision  of  the  latter  with 
the  supercooled  cloud  or  rain  drops. 
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Analyzing  the  possible  reasons,  which  lead  to  the  freezing  of 
supercooled  water  on  the  surface  of  aircraft,  some  authors  came  to 
the  conclusion  that  it  is  caused  by  mechanical  jolts,  others  were 
considered  that  the  actual  reason  for  the  rapid  freezing  of  drops  are 
the  ice  crystalline  particles,  wnich  fall  to  the  surface  of  aircraft 
[25].  We  are  inclined  tc  nord  tue  second  point  of  view  with  that 
stipulation,  that  is  in  no  way  compulsory  the  preliminary  presence  of 
crystalline  particles  cn  surface  during  the  incidence/impingement  to 
it  of  water  drops.  Act uaily/reaiiy ,  on  the  basis  of  the  fact  that  the 
surface  of  aircraft  is  always  contaminated,  hardly  one  should  expect 
that  after  the  formation/education  even  very  thin  film  of  water  its 
any  possible  prolonged  existence  in  the  supercooled  form. 

Subsequently  we  will  assume  tuat  ir  the  conditions  of  heat  exchange 
on  the  icing  up  surface  or  aircraft  provide  the  diversion/tap  of 
latent  heat  of  freezing,  i.e.,  ir  taking  into  account  the  heat  of 
freezing  the  equilibrium  temperature  of  surface  remains  below  0°, 
that  entire  water  in  this  case  fast  enough  is  crystallized. 

For  this  very  reason  we  consider  that  a  question  about  the  very 
moment/torque  of  the  beginning  cr  freezing  on  the  wing  surface,  from 
the  point  of  view  of  the  problem  or  icing,  does  not  deserve 
considerable  attention,  since  after  the  appearance  of  supercooled 
water  crystallization  begins  virtually  instantly. 
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Page  48. 

It  is  interesting  to  rata/estimate ,  as  will  rapidly  freeze  the 
droplets  of  water,  whico  fail  tc  tne  already  iced  up  surface.  This 
question  has  large  practical  interest,  since  the  lifetime  of  liquid 
droplets  in  contact  witn  ice  exerts  a  substantial  influence  on  form 
and  structure  of  deposited  ice.  is  necessary  to  know,  does  manage 
drop  to  freeze  before  tc  it  taxis  the  following  drop  or  not. 

Osually  the  rate  of  rreexmg  of  ice  of  the  plane  of  aircraft 
does  not  exceed  0. 1-0.2  mm/min,  i. e. ,  a  layer  with  thickness  of  10  p 
grows  for  several  seconds.  Consequently,  if  the  rate  of  the  freezing 
of  drop  (rate  of  the  advance  or  crystallization  front)  exceeds  10 
m/s,  i.e. ,  0.001  cm/s,  then  drops  Knowingly  manage  to  freeze  to  the 
arrival  of  the  following. 

Experiment  shows  that  at  sufficiently  high  temperatures  of  air 
the  rate  of  the  freezing  or  drop  can  prove  to  be  less  than  indicated 
(which,  possibly,  and  contributes  to  the  formation  of  rough  ice) .  A 
precise  theoretical  solution  or  tne  task  of  determining  the  rate  of 
the  freezing  of  the  depositing  watsr,  is  normal  to  the  surface  of 
settling,  it  represents  not  only  not  solved,  but  even  clearly  not 


formulated  task 


DOC  =  79116104 


PA^  ||3 


Purely  qualitative  reasonings  lead  to  the  conclusion  that  the 
temperature  field  on  the  icing  up  surface  takes  the  sufficiently 
complicated  form.  However,  xroii  tae  point  of  view  of  the  problem  of 
icing  the  fine  structure  or  tae  pulsations  of  temperature  on  the 
icing  up  surface  does  not  represent  essential  interest,  and  we 
therefore  will  examine  certain  mean  temperature  of  surface  tt. 
However,  let  us  note  that  witn  an  increase  in  this  mean  temperature 
to  zero  errors  they  can  increase.  Until  /,< 0.  we  are  assume  that 
freezes  entire  depositeu  water,  remembering  in  this  case,  that  an 
increment  in  ice  per  unit  time  is  smaller  than  a  quantity  of  water 
depositing  for  the  same  time  uue  to  the  evaporation  of  the  certain 
fraction  of  ice.  Designating  tarough  rn,  the  mass  of  the  water,  which 
deposits  per  unit  of  this  section  per  unit  tine,  and  through  m,  - 
the  mass  of  the  water,  wmcn  evaporates  from  the  same  section  for  the 
same  time,  can  be  written  that  the  coefficient  of  freezing  3,  under 
which  we  will  understanu  rue  ratio  of  ice  frozen  per  unit  time  to  the 
mass  of  those  clashing  witn  ooay  for  the  same  time  of  water  drops,  is 
equal  to 

1  (3.1) 

m 

Vith  the  specific  quantity  or  water,  which  freezes  per  unit  time 
per  unit  of  area,  the  temperature  of  surface  canachieve  zero  value. 
Let  us  designate  through  a  small  quantity  of  water,  which 
encounters  the  unit  of  area  or  aircraft  for  time  unit  with  which  the 
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temperature  of  the  surface  of  icmg  reaches  0°.  If  a  quantity  of 
depositing  water  is  more  chan  mP,then  will  freeze  only  the  part  of 
it,  whereas  remaining  part  must  remain  in  the  liquid  state.  Further 
fate  of  nonfrozen  water  can  uu  different  -  partially  it  evaporates 
from  surface,  partially  is  Diown  away  and  it  is  taken  away  by 
airflow,  it  is  partially  carried  uy  flow  to  surface  out  of  the  zone 
of  the  settling  where  it  can  freeze,  and  finally  partially  water  can 
prove  to  be  within  the  growing  layer  of  ice  in  the  form  of  separate 
inclusions/connections.  It  is  oovious  that  when  m,  >m.p  the  freezing 
part  of  the  supplementary  (over  m,p)  water  is  determined  by  the 
portion  of  the  "cold",  vhicn  is  contained  in  this  part  of  the  water 
and,  therefore,  it  is  equal  to 

K-«V(0  . 

where  Ct  -  heat  capacity  of  water. 


It  is  easy  to  ascertain  tuat  in  this  case  the  coefficient  of 
freezing  takes  the  form 

<32) 

Page  49. 


Therefore,  for  the  definition  of  the  coefficient  of  freezing  is 
necessary  the  knowledge  of  values  as  mH<  W.P>  mi  and  te. 
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2.  Some  general  information  auout  heat  exchange  of  bodies  with  gas 
flow. 

Determination  »»,.  and  mi  is  connected  with  the  study  of  the 
heat  balance  of  the  icing  up  boay.  At  the  same  time  the  investigation 
of  heat  balance  for  the  surface  of  the  moving/driving  body  and,  in 
particular,  the  definition  oi  temperature  and  the  different  points  of 
its  surface,  in  the  case  even  ir  tae  latter  is  not  moistened,  is  very 
complex  problem  both  witfl  tne  tneoretical  and  with  the  experimental 
of  the  points  of  view.  Most  completely  questions  of  heat  exchange 
with  the  environment  are  rcsoivea  ror  the  bodies  of  the  simplest 
forms  -  the  flat/plane  plates,  parallel  to  flow,  and  round  cylinders, 
here  there  is  no  need  for  stopping  during  the  examination  of  numerous 
works  in  this  region,  since  in  recent  years  appeared  the  series/row 
of  the  excellent  mono- rarrias,  tarowing  light  on  questions  of  heat 
exchange  during  the  motion  or  uodies  in  gases  [1,  2,  4,  7]. 

Me  will  not  be  so  in  uataii  to  describe  the  achievements  of 
theoretical  and  experimental  stuuies  in  this  region,  but  let  us  pause 
only  at  the  basic  physical  representations,  placed  as  the  basis  of 
the  investigations  of  heat  exenange  and  or  latter/last  known  to  us 
results. 

Host  fruitful  hypotneois  arout  the  mechanism  of  heat  exchange  is 
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the  hydrodynamic  hypothesis  which,  actually,  already  became  the 
theory  of  heat  exchange  in  gases.  The  basic  idea  of  this  theory  is  of 
the  affirmation  of  the  identity  of  the  mechanism  of  heat  exchange  the 
direct  contact  also  phenomenon  or  nydrodynamic  drag  [4],  which  are 
considered  as  different  reilectioas  of  a  single  primary  process  of 
substantial  exchange.  According  to  this  theory  displacement/raovement 
and  interaction,  the  elements/cens  of  medium  is  an  initial  cause  of 
the  diverse  phenomena  of  exchange. 


This  theory  is  completely  continued  by  experiment  when 
dissipative  terms  are  negngiule,  in  this  case  the  Prandtl  number 
(Pr) ,  which  characterizes  tae  degree  of  the  identity  of  each  process, 
is  equal  to  one.  In  this  case  tue  temperature  of  body  surface,  which 
moves  in  the  flow  of  gas,  in  the  aosence  of  heat  withdrawal  inside 
body  (adiabatic  surface)  -  tno  so-called  adiabatic  temperature  of 
body  ( t -  it  is  set  equal  to  tae  temperature  of  stagnation  £» 

,  J?2L 

where  t0  1  and  -  respectively  temperature  and  rate  of  the 
undisturbed  flow. 


FOOTNOTE  *.  i0  they  sometimes  call  thermodynamic,  and  w  -  is  static 


by  temperature.  ENDFOOTNOTE. 
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At  steady  adiabatic  teffli.erdx.ura  or  surface  the  heat-flux  density  q  is 
equal  to  zero.  If  because  or  any  supplementary  processes  (for 
example,  to  inflow  of  heat  trom  within)  the  temperature  of  surface 
ts  .  h,  heat-flux  density  g^G  and  riow  it  is  directed  toward  surface 
when  *,<«  and  from  surface  when  ts  >  H. 

Page  50. 

In  imperfect  gases  numnet  Pr  is  not  equal  to  one,  so  for  air 
Pt-0.  72  and  even  on  adiaoatic  nouy  surface  temperature  is  not  equal 
to  H,  the  part  of  the  energy  dissipates  because  of  internal 
friction.  This  effect  is  considered  by  recovery  factor  r  which  is 
determined  by  the  re laticasmp/ratio 


where  *aJ  -  real  temperature  on  adiabatic  body  surface. 

Numerical  value  of  coerricient  of  r,  determined  on  formula 
(3.3),  varies  from  one  point  to  tne  next,  Tc  study  r  as  to  the 
processes  of  heat  exchange,  are  dedicated  it  is  multiple 
investigations  on  which  we  also  will  not  stop.  Recently  in 

aerodynamics  increasing  propagation  obtains  another  determination  of 

—  h 

recovery  factor  r*  [30],  according  to  which  r '  —  V ^ »  where  — 
the  temperature  of  the  flow  on  the  edge  of  the  boundary  layer.  With 
this  definition,  the  determination  of  r*  is  comparatively  simply  - 
as  a  rule  r*  differs  little  from  \fpr  and  is  not  changed  along 
profile/airfoil.  However, 
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entire/all  difficulty  iu  this  case  is  transferred  to  tne 
determination  of  temperature  tl#  without  knowledge  by  which  it  cannot 
be  found  r*.  Distribution  t  ax oaj  the  duct /contour  of  round  cylinder 
can  be  found  in  work  [4]. 

Theory  shows  [4]  tnat  all  formulas,  obtained  during  the  study  of 

heat  exchange  at  the  lew  speeus  or  motion,  remain  valid  and  for  high 

rates,  if  the  temperature  or  aeaxu m  is  is  replaced  with  the 

ru  s 

temperature  of  adiabatic  wall  tu  =  ia+-7r.~.  Thus,  if  because  of  some 
supplementary  processes  tne  temperature  of  body  ts  is  different  from 
adiabatic,  then  there  is  neat  flow  to  surface,  equal  to 

<7  ,  =  -»(',-*«).  (3-4) 

where  a  -  a  heat-transfer  coefficient. 

Actually,  relationship/ratio  (3.4)  serves  as  determination  a , 
i.e.,  under  heat-transfer  coemcrent  a  should  be  understood  the 
heat-flux  density,  whicn  rails  to  one  degree  cf  the  deflection  of  the 
real  temperature  of  body  surface  from  adiabatic,  if  ts>tMl,  then  heat 
is  abstracted/removed  from  surface,  if  <,<f, then  heat  is  fed  to 
sur  face. 

3.  Different  approaches  to  the  stuuy  of  the  processes  of  the  heat 
exchange  of  body  with  gas  flow  under  conditions  of  icing. 
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To  questions  of  the  determination  of  the  equilibrium  temperature 
of  the  icing  up  surface  dedicated  nis  numerous  works  English 
researcher  Hardy  [56,  57,  5a J.  one  of  his  latter/last  works,  carried 
out  together  with  Brown,  is  demeaned  to  the  determination  of  the 
kinetic  temperature  of  me  sete w/propeller  of  aircraft  under 
conditions  of  icing  [58]. 


Page  51. 


The  authors  write/recora  equation  ror  determining  the  temperature  of 
the  moistened  surface,  union  moves  in  cloud  t,"  (in  the  case  of 
absolutely  non-heat-conducting  prorile/airfoil)  in  the  form 
t"  —  is  —  where  -  equilibrium  temperature  of  the 

1  p  *1 

moving/driving  moistened  surface, 

ts'  -  the  equilibrium  temperature  of  the  moving/driving  dry 
surface. 


e  -  vapor  pressure. 


/-Hen  -  latent  heat  of  vaporization  of  water. 


subscript.  1  is  related  to  conditions  on  to  the  edge  of  boundary 


layer 
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For  an  absolutely  neat-couducmg  profile/airfoil,  i.e.,  for  a 
profile/airfoil,  which  accepts  ou«  equilibriuni  temperature  all  over 
surface,  the  authors  construct  tne  appropriate  equation  by 
integration  along  the  lengtn  tne  auct/contour  of  the  equation  of  the 
form 

**  P-  v»  “  **  ")  -  *.  Pfl  v,  ■  •  0.622  L"„, 

where  t>o  -  the  resultant  velocity  of  the  motion  of  screw/propeller, 

-  a  coefficient  or  convective  thermal  conductivity 
(dimensionless)  , 

kB  -  a  coefficient  of  tne  evaporation  of  water  (dimensionless). 

For  the  prof ile/a irf oil  or  screw/propeller  NACA  2409  authors 
brought  calculations  to  quantitative  results. 

In  1971  Traybus  [7o],  investigating  the  advantages  of 
fluctuating  vision  in  tne  thermal  aeicers,  writes/records  heat-flux 
density  in  the  icing  up  surrace  with  the  aid  of  three  functions 
H,,  W,  and  H,  introduced  to  tnea  with  the  dimensionality  of 
temperature  each,  and  new  uy  tne  dimensionless  variable  b.  in  these 
designations  general/comaon/total  inflow  of  heat  q  must  be  equal  to 
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where 


and 

where 

Key:  (1) 

In  this 


<7  =  ftA  (0 ,  -  e,  -  «,)  iipH  ts  <  32*  F, 


«i  =  0  +  0,47  b)  +  2,90  L  B~'  Ps  =  0,  (tg ,  B,  bf  F, 

e,  =  (l  +  b)  +  2,90  L  £">  POT  +  127  b  =  «,  (t^,  fl,  *)*  F, 


q  =fc.  A  [»<  (<„  B,  b)  -  *4  (tot,  B,  h)  -«,(*.  « J|  S  7,  >  32*  F, 


"M,  B,  b)  =  /(l  +  b)  +  29  L  B~l  P,  =  04(f,  fl,  h)°  Z7. 


.  with. 


case1 


POOTNOTE  >.  The  dimensionality  oi  all  entering  the  formula  values 
corresponds  to  the  Englisn  system  of  units,  in  this  case  are 
preserved  the  designations  or  'i'rmus.  ENDFOOTNOTE. 
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B  -  barometric  pressure. 


P.i  -  the  elasticity  ot  water  vapors  in  surface. 


Poo  -  the  elasticity  oi  water  vapors  in  the  free  flow. 


too  -  the  temperature  or  tne  rree  flow. 


g  -  acceleration  ot  jravity 


fc  -  the  thermal  conductivity  Iheat- transfer  coefficient) , 


A  -  surface  area, 


L  -  latent  heat  of  tne  sutiiiiaation  of  ice. 


the  settling  velocity  ot  water. 


cp<"  -  the  heat  capacity  ot  water. 


Page  52 
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The  continuation  or  uc  woek  cf  Tribus  was  the  article  of 
Weiner,  which  appeared  in  tne  same  1951  [79]. 

Sufficiently  in  detail  tat  conditions  of  thermal  equilibrium 
were  studied  in  1953  by  Hessinger  [68],  On  the  basis  of  the 
introduced  by  Tribus  temperature  runctions  >H,'-  Hessinger  brought  all 
calculations  to  the  appropriate  traffic.  It  conducted  calculations 
not  only  for  the  cases  when  ts  is  lore  or  less  than  0°,  but  also  for 
the  case  when  is  u  talcing  into  account  both  the  portion  of  freezing 
and  portion  of  evaporation,  as  tne  independent  variables  in  [68]  are 
accepted  flight  speed  .  tne  temperature  of  undisturbed  flow  t„  and 
parameter  b,  introduced  by  Tnnus.  Recovery  factor  r  is  accepted  by 
constant  and  equal  to  0.a75;  tne  author  considers  this  as  the  average 
between  his  value  with  iaaiuar  -  u.85  and  turbulent  -  0.90  flow. 

Hessinger  bypasses  one  or  tne  essential  difficulties,  with  which 
are  encountered  in  concrete/specif ic/actual  calculations,  and  namely 
-  the  task  of  the  definition  or  the  settling  velocity  of  water 
(depending  on  liquid-water  content  and  on  the  integral  value  of  local 
the  coefficient  of  capture)  ana  local  heat-transfer  coefficient  - 
after  combining  as  Tribus,  unknown  parameters  in  one  independent 
variable  parameter  b.  Tnus,  tne  quantitative  results,  obtained  by 
Hessinger,  can  be  used  during  calculations  only  when  it  is  possible 
to  determine  the  value  cf  parameter  b. 
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Let  us  note  that  in  ue  calculations  of  Messinger  the  portion  of 
evaporation  for  case  ys>0'  is  clearly  reduced,  since  it  considers 
evaporation  as  that  occurring  only  from  the  surface  of  settling, 
while  when  /,  0'  water  spreads  beyond  the  limits  of  this  zone. 

Consequently,  and  the  values  or  rates  determined  by  it,  with  which 
sets  in  the  complete  evaporation  or  the  depositing  water,  they  can  be 
in  this  case  substantially  overstated.  Further,  the  author  and  all 
other  researchers,  it  consiuers  tnat  the  drops  completely  give  up 
entire  their  initial  kinetic  energy  of  body  surface  at  the  moment  of 
collision.  In  fact  that  given  up  energy  is  considerably  less,  on  the 
strength  of  the  fact  that  the  part  of  it  forever  lost  during  braking 
in  air  flow.  However,  virtually  iatter/last  omission  will  not  be 
reflected  in  results,  since  entire/all  kinetic  energy  drops  it  plays 
extremely  small  role  in  the  total  neat  balance  of  the  icing  up 
surface. 

A  somewhat  cast  approach  to  problem  we  meet  in  the  collective 
work  of  cutter,  Rasch  anu  aaxter  £52],  that  is  actually  the 
development  of  Ludlam*s  worx  £t>7],  dedicated  to  the  study  of  the 
effect  of  thermal  processes  on  readings  of  different  ice-depositing 
instruments.  In  this  worx  tne  autnors  concentrate  their  attention  in 
the  calculation  of  the  critical  value  of  liquid-water  content  “’,P 
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this  value,  during  which  tne  temperature  of  the  icing  up  surface 
reaches  0°. 

4.  Balance  of  the  heat  cr  tne  xcxny  up  surface. 

Let  us  examine  the  in  aetaxx  neat  fluxes,  directed  to  surface 
and  from  it  during  steady  process  of  the  icing  when  it  is  possible  to 
consider  it  as  constants  tt  -  tne  temperature  of  the  icing  up 
surface,  t0  -  the  temperature  of  air  and  u  ,  -  the  rate  of  motion. 

All  given  below  relaticnsnxps/ratxos  are  related  to  the  appropriate 
heat-flux  densities. 

/.Heat-flux  density,  caused  ay  the  deviation  of  temperature  of 
surface  ts  from  equilibrium  adiauatic  /.* ,  according  to 
relationship/ratio  (3.4)  is  equal  to 

lr  -  \ 

*  *-r  *\  tjt;  1 '■  (;<  r>) 


Page  53. 

2.  Density  of  heat  fiut  caused  by  liberation  of  latent  heat  of 
freezing  of  depositing  water,  xs  equal  tc 

(3.6) 

where  a(  -  mass  of  water,  whicn  aeposits  per  unit  of  surface  per  unit 


time 
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Ls=80  cal/g  -  latent  aadt  or  neezing  of  tea  with  0®. 
Relationship/ratio  (3.6)  id  correct  when  ir  it  is  possible  to 

consider  that  freezes  entile  deposited  water. 


3.  Density  of  heat  tiux  caused  by  transition  of  kinetic  energy 
of  drops  into  thermal  witn  their  saock  from  surface,  is  expressed  by 
relat ions hi p/ratio 

V3  —  2J> 

here  -  certain  coefficient,  wmch  characterizes  the  fact  that 

water  depositing  on  surrace  gives  up  to  this  surface  only  part  of  its 
initial  kinetic  energy,  ie  will  assu me/set  \  -----  1,  thereby  somewhat 
overstating  term  q3,  i.e.,  we  win  not  consider  that  portion  of 
energy  which  is  taken  away  by  rorever  air  flow;  in  other  words,  it 


will  assume  that 


m.  «*  oo 

9*—  2  J 


This  assumption  not  cause  noticeable  quantitative  changes,  since 
estimation  shows  that  even  in  tne  rorm  (3.7)  ?s  it  is  less  than  other 
terms  hundreds  times. 


4.  Heat  flux,  caused  ny  cooling  ice  frem  0®  to  temperature  of 
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surface  *a,  has  density,  equal  to 

^  =  «J-  <•,<»  (3-N) 

where  m,  -  eass  of  ice,  whicn  Ucezes  per  unit  tine  per  unit  of 
surface.  When  ts  <  O',  as  it  was  noted  in  point/item  2,  freezes  entire 
deposited  water  and,  therefore, 

c,  -  heat  capacities  or  ice,  equal  to  0.49  cal/g  with  0°. 

A  number  of  factors  contributes  also  to  the  heat  removal  from 
surface. 

5.  Heat-flux  density,  aostracted/removed  for  heating  of 
supercooled  water  from  temperature  t0  to  0°,  is  determined  by 
ex  pression 

gu  t„)  -  -  H-') 

6.  Finally,  evaporation  (or  sublimation)  of  ice  from  surface, 
caused  by  difference  in  saturation  vapor  pressure  of  water  vapor 
above  the  icing  surface  and  in  undisturbed  cloud  leads  to  absorption 
(or  liberation)  of  heat,  ine  density  of  this  heat  flux  it  is  possible 
to  write  in  the  form 

‘A;  •  '  «)■/-. 

Page  54. 

A  strict  definition  of  value  r> ,  ■  and  consequently  also  q6,  is 
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sufficiently  complex  ptoDiem,  taoii,  apparently,  and  is  explained  by 
the  fact  that  the  majority  or  uiadjreemants  in  the  calculations  of 
different  authors  occurs  during  cue  calculation  of  value  q6  [ 15,  21, 
52,  68]. 

We  will  not  stop  on  cut  reasons,  which  led  some  authors  to 
clearly  erroneous  results  -  partially  they  are  examined  in  v.  ye. 
Minervin's  work  [15]. 

Work  [52]  gives  witnout  uases/bases  the  expression  for  q6,  which 
in  our  designations  takes  cue  form 


where  P0  -  pressure  in  the  undisturbed  flow, 

e0  and  et»  -  saturating  vapor  pressure  at  temperature  with  respect  to 
0°  and  tQ°. 

According  to  Tribus  and  Mcssanger,  this  term  (in  our 
designations)  will  be  written  m  tne  form 

(eu—  e, ) 

9  s  =  a  -  2,90  Lcyb  — #>— , 

*  f> 

in  this  case  the  coefficient  of  2.90  of  Nessinger  is  called 
empirical.  It  is  easy  to  see  taut  the  numerical  coefficient  in 
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expression  for  q6,  accepteu  oy  rrinus  [78],  and  following  by  them  in 
terms  of  Weiner  [79]  and  iiessinger  [68]  differs  from  the  coefficient, 
accepted  by  windbag,  Rascn  ana  daxter  [62].  Let  us  try  to  approach 
the  determination  of  this  coerricient  from  theoretical  positions. 

The  conclusion/outpuc  of  rue  expression  given  below,  which  is 
determining  the  heat  less  to  evaporation,  we  base  on  hypothesis, 
analogous  hydrodynamic  tneory  of  neat  exchange,  i.e.,  let  us  assume 
that  the  evaporation  is  one  of  tne  manifestations  ot  substantial 
exchange.  Let  us  explain  this  in  more  detail. 

The  quantity  of  water  m(,  evaporating  for  time  unit  is 
characterized  by  the  intensity  ot  the  moisture  exchange  of  boundary 
layer  with  surrounding  air.  Considering  that  the  moisture  exchange  is 
realized  by  the  same  mechanism,  tnat  also  heat  exchange  and  exchange 
of  air  masses,  it  is  possioie  to  equate  the  intensity  of  the  moisture 
exchange  of  a  difference  in  tne  moisture  content  air  masses  exchanged 
per  unit  time.  In  this  case  it  is  assumed  that  in  atmospheric 
boundary  layer  is  saturated  according  to  relation  to  ice  at 
temperature  of  surface  ts,  and  in  that  not  disturbed  -  it  is 
saturated  relative  to  water  at  temperature  t0.  on  the  basis  of  the 
hydrodynamic  theory  of  heat  exchange,  the  mass  of  gas  (air) ,  which  is 
adequate/approach  unity  of  boundary  layer  per  unit  time  (in  g/cm2  s) 
is  equal  to  f  or,  if  we  express  the  exchange  of  air  not  in  mass. 


9 
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but  in  volumes,  i.e.r  ia  taea  we  will  obtain  v~Cp-  Then  the  mass 

of  that  taken  away  from  tne  same  surface  for  the  saee  tine  of 
moisture,  i.e.,  in  our  designations  ml%  is  equal  to 

m^Tu< JAp»-  (3-10)  » 

Here 


Pa  -  air  density, 

AP»  -  a  difference  in  tue  densities  of  saturated  vapors  of  the 
water  above  ice  at  temperature  or  surface  ts  and  above  water  at 
temperature  of  air  t0. 


Page  55. 


Relation  Ap„'pu  can  be  found  in  the  courses  of  physics  of  the 


-V„ 


-  0,622 


atmosphere  (for  example  [  33  ]}  ; 
accuracy  to  small  ones  of  seconu  order 


to  wr 


\0  n,«2s  , 

its  ^ 

<*n 


%.  H  | 
01 


or,  with  an 
it  is  possible 


V* 

«.».  B 


).  Substituting  this  expression  in  equation 


(3,  10)  and  multiplying  obtained  value  w,  for  heat  of  sublimation  of 
ice  at  temperature  /,-(//, .  ry6)  let  ns  have 

0,(i2S-/.. 

j-  cyn  |  * _ ‘ 

'[ 

/ 


<t«  « 


^’6  cyrt  (  a  rtn.  n  \ 

rv  \  >,  /• 


(3.11) 


If  we  approach  determination  of  q6  frcm  the  point  of  view  of  the 
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analogy  between  of  thermal  conductivity  and  diffusion  [“>6]#  then  is 
obtained  the  expression,  analogous  to  equation  (3.11),  with 
supplementary  factor  k„  kh,  where  kw  -  a  coefficient  of  the 
evaporation  of  water  (dimensionless),  kh  -  a  coefficient  of  heat 
transfer  (dimensionless),  from  comparison  with  the  empirically 
obtained  coefficients  of  tne  psycnometric  equation  of  Hardy  found 
that  relation  kwikh  is  changeu  trorn  0.996  with  -  by  17.8°  to  1.007  at 
♦15.6°. 

Minervin  in  1956  [IbJ,  utilizing  an  analogy  of  thermal  and 
diffuse  processes,  L.  S.  hyjeason  (39]  in  detail  developed  in 
monograph  obtained  the  relatiousnip/ratio,  similar  to  expression 
(3.11),  with  cofactor  k/a,  wuare  it  -  a  diffusion  coefficient,  a  -  a 
coefficient  of  thermal  ailrusivity.  According  to  Hardy, 

Without  stopping  on  a  question,  who  of  two  authors  indicated  is 
more  than  rights/laws  in  theoretical  substantiation,  let  us  note  that 
Hardy's  results,  obtained  oy  it  auting  the  comparison  of  the 
corresponding  equations  witn  the  psychometric  formula,  testify  that 
the  cofactor,  which  appears  in  equation  (3.11)  unessentially  differs 
from  unity.  The  thereby  is  coaiirmed  the  soundness  of  the  hypothesis 
accepted  by  us,  with  an  lucrease  in  the  rate  when  turbulent  exchange 
begins  to  prevail  above  the  molecular,  this  hypothesis  must  be 
justified  still  more. 
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Before  con  vert  ing/trans  ter ring  to  the  construction  of  the 
equation  of  heat  balance  on  tnis  surface,  let  us  focus  attention  on 
the  following. 

During  the  determination  or  inflow  of  heat  q2  we  assumed  that 
freezes  entire  depositee  water,  i.e.,  they  counted  However, 

it  is  possible  that  the  evaporating  part  of  water  mi  does  not  manage 
to  freeze.  In  this  case  snoula  ce  written  Sut  during 

the  determination  of  heat  witnurawal  due  to  evaporation  one  should  in 
expression  (3.11)  take  neat  or  vaporization  of  water  iMrn . 

Thus,  either  —  —  mj)L}  and  in  this  case  or 

qt  —  mnL^  but  already  in  this  case  </c  —  m,/„Cyfi. 

It  is  easy  to  see  that  also  the  equation  of  the  balance  of  heat 
remains  without  change.  l’aer  store  when  ^<0  let  us  assume/set 

q<  -  a  <7«  m\ Ln«. 

Page  56. 

The  error  of  windbag,  dascn  and  Baxter  [523  lies  in  the  fact 
that  they  took  </■,  ana  during  calculation  q6  was  utilized 

coefficient  of  1550,  equal,  as  it  is  easy  to  be  convinced,  to 
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relationship/ratio  "  . 

1  P 

He  also  do  not  have  rounuatxons  for  allowing  instead  of  relation 

o.i, > 

y-  -.oo  coefficient  or  2.9U,  used  by  Tribus,  etc.,  and  exceeding 
the  ratio  indicated  approximate xy/exe mplarily  by  IP",. 

Thus,  we  wrote  in  an  explicit  form  of  expression  for  all  the 
main  heat  fluxes  which  determine  tae  balance  of  heat  on  the  icing  up 
surface.  Here  is  not  taxeu  into  consideration  the  radiation  heat 
withdrawal,  which  plays  negxiginle  role. 


Thus,  the  density  of  tne  resulting  heat  flux,  which  is 
adequate/approach  the  icing  up  surface,  can  be  written  in  the  form 

V  r  <7 1  H  -?,  I  q,  -I  qt  -  q;>  -  <7„  rr 


(3.12) 


(r  u  ■ 

\ 

Ui 

"  m»  C  t> 

«.0  >HL/ 

1  e>  ~  ‘  ‘  \ 

i  m . U  ~ 

S.,yO 

(  -V  .JI  0. »  \ 

<> 

In  the  absence  of  heat  excnange  with  the  internal  surface  of  the 
icing  up  body  net  flux  g  is  eguai  to  0  formula  (3.12)  takes  the  form 


77?  +  ~'rf~  J 

<  -l  f.M- 


(3.13) 


5.  Calculation  of  the  coefficient  of  freezing. 
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Expressions  (3.1)  ana  (3.  ,  freezing  £  which  characterize 

coefficient,  can  be  convtaeu,  alter  replacing  values  mkp  and 

m,  with  appropriate  water  content  of  clouds.  Actually/really,  if  we 
designate  through  sucn  riguru- water  content  with  which  the 

settling  per  unit  of  body  surrace  lor  tine  unit  reaches  critical 

value  «kp,  i.e. Wk* =  ~T  is  analogous  through  wt  that  portion  of  water 

4  w,  —  —HL‘~ 

content  of  clouds,  which  compensates  evaporation,  i.e.,  u  Z  and 

finally  through  w  -  actual  liguia- *ater  content,  i.e.,  «. - m»  then 

U  -  » 

00  Em 

it  is  possible  to  write  tnat 


I  »/  1*) 

1  ~  -5T"pH  tt'<  wkp 


- 1  1 
w  I  1 


0 


U'1  Z'*  w*p 


(3.14) 


Key :  ( 1) .  with. 

Thus,  for  determination  p  it  is  necessary  to  know  the  actual 
liquid-water  content  w,  tue  temperature  of  air  t0  and  to  find  values 
and  w,-. 
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Page  57. 

a)  The  calculation  of  cxxtxcai  Ai*uid-*ater  content. 


Thus,  ®«p  depends  on  a  whoxe  series  of  the  parameters  and,  first 
of  all,  from  the  temperature  or  air  t0  and  flight  speed  and,  as 
show  calculations,  to  a  lesser  degree  f r os  pressure  P0  and  recovery 
factor  r.  Furthermore,  wup  aepenus  on  such  complicatedly  defined 
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values,  as  heat- transf er  coefficient  a  and  the  integral  local 
coefficient  of  capture  F»- 

It  should  be  noted  taat  rue  dependence  on  r  begins  to  become 
apparent  by  noticeable  xorm  only  at  comparatively  high  speeds  (more 
than  100  m/s)  .  Furthermore,  vneu  is  studied  icing  in  the  vicinity  of 
critical  point,  it  is  possiole  wita  large  accuracy  to  count  r=1, 
since  at  this  point  occurs  total  stagnation,  as  for  instance,  at  the 
critical  point  of  the  round  cylinder  r=1  for  Bach's  any  numbers  from 
0.4  to  0.9  [4]. 

The  values  of  functions  (*o  wco.  I\)  an(j  ft,  ( tu ,  u.^)  were  designed 
virtually  for  entire  range  or  values  t„.  u  ,  and  p0  possible  during  the 
flights  of  low-speed  aviation. 

The  results  of  calculations  are  represented  in  Fig.  15.  From  the 
figure  one  can  see  that  with  " .  ''ll)'  i/s  the  relative  role  Kz  in 
comparison  with  Kj  is  small  ana  it  always  decreases  with  decrease  t0. 

J 

For  determination  u>„ p  it  is  necessary  to  know  also  £  ■  About  the 
integral  coefficient  of  capture  we  in  detail  spoke  above,  in  chapter 
III,  and  brought  the  diagrams,  mailing  it  possible  to  determine  p  for 
cylinders  and  series/rcw  or  prof iles/air foils.  However,  the 
determination  of  hea t- transfer  coefficient  <*  represents  the  complex 


problem  which  it  is  necessary  to  examine  in  somewhat  sore  detail.  The 
theory  of  the  heat  exchange  or  dirrerent  bodies,  which  move  in  gas 
flow,  unfortunately,  is  not  yet  developed  so  so  that  it  would  be 
possible  with  sufficient  confidence  to  use  the  theoretical 
relationships/ratios,  wuich  are  determining  heat-transfer 
coeff  ic  ient. 


I 


Page  58. 

During  the  experimental  investigation  cf  the  processes  of  heat 
exchange  usually  appears  itself  the  dependence  between  the  criterion 
of  Nusselt  Nu=aC/X,  which  cnaracterizes  the  heat  exchange  of  bodies 


with  medium  and  Reynolds  aumoer  pe„ 


u  d 


As  a  rule,  this 


connection/coaaunication  can  ne  represented  in  the  form 

Xu  =-  a  ■  Re0'\  (3.10) 

where  a  and  n  -  some  constants,  which  depend  not  only  on  the  fora  of 
body,  but  also  on  the  range  of  Reynolds  numbers.  So  n .  A.  Mikheev 
[17]  gives  the  following  values  of  a  and  n  depending  on  Re0  for 
round-cylindrical  bodies  during  tne  calculation  of  the  average 
according  to  the  duct/contour  of  neat-transfer  coefficient  (Table  4). 

For  us  the  knowledge  of  neat-transfer  coefficient  for  a  cylinder 
is  of  independent  interest,  since  the  rotating  cylinder  (SIO)  served 
as  standard  for  determining  tne  icing  intensity  in  experimental 

flights. 


J 
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Pig.  15.  Are  upward  along  tae  axis  of  ordinates  deposited/postponed 
the  positive  values  of  function  K^IO5,  down  -  the  positive  values  of 
function  Kj;*10s.  Numbers  ny  tae  curves  indicate  the  values  of  the 
flight  speed  “In-  in  the  middle  or  curves  -  pressure  P0. 

Key:  ( 1)  .  mb. 

Page  59. 

In  view  of  this  were  designed  ou  Mikheev's  given  table  the  values  a 
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for  the  cylinder  with  a  disaster  or  50  bid  depending  on  flight  speed 
*--0.167  on  cm*/s  and  X=5.!>*1U"S  cai/'cm  s  °C. 

FOOTNOTE  l.  Value  X=5.5*10"s  cal/cm  s.  deg.  corresponds  to 
temperature  of  -10°C.  Generally  the  dependence  X  on  teaperature  very 
is  not  strong,  nanely  at  0oc  xsb.oi>*10“5  cal/ca  s  deg.,  but  at  -20°C 
X=5. 38*10-2  cal/cm  s  deg.  ciNDFOtiTNOTE. 

The  results  of  calculations  are  represented  in  Fig.  16. 

Is  considerably  less  studied  the  heat  eaission  of  the  bodies  of 
aore  complex  form.  Coefficients  a  and  r.  in  criterial 
relationships/ratios  depend  suosfcantiall y  on  that,  are  found  we  in 
the  region  of  laminar  cr  in  tne  region  turbulent  boundary  layer.  The 
first  occurs  to  Reo»10s,  the  second  -  with  Reo>10*.  In  the  range  Re0 
from  2*10*  to  2*106  is  located  the  transition  layer  for  which  it  is 
not  possible  to  indicate  a  precise  criterial  relationship/ratio, 
since  in  this  case  number  Nu  depends  not  only  on  Re„,  but  also  on  the 
degree  of  the  roughness  of  tne  surface  and  other  factors. 

All  known  to  us  experimental  works  regarding  the  heat-transfer 
coefficients  a  of  wing  prof iles/airf oils ,  carried  out  both  in  our 
country  and  abroad,  they  indicate  that  the  range  of  the 
oscillations/vibrations  or  neat-transfer  coefficient  for  different 
pro files/air foils  and  conditions  is  included  within  the  limits 
I.IO-x-1.10-*  cal/ca*  s  ®C. 


200  Um"/ce# 


0  100 
Fig.  16.  Connection/coaaunication  of  average  heat-transfer 
coefficient  a  for  a  round  cylinder  with  the  speed  of  blomout  (axis  of 
ordinate  to  the  left),  dependence  E/w  for  50  mm  of  cylinder  on  'ep  and 

“co 

Key:  (1).  cal/cm/s °C^2 ) .  m/s. 
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So ,  in  several  examples  of  Tnuus  £78]  a  varied  from  2«10~3  to  3»10**3 
cal/cm2  s°C.  Por  Hardy  £ 5o j  tne  curves  of  the  dependence  a  on 
position  on  the  wing  proriie  or  aircraft  C=46,  constructed  on  the 
basis  of  the  works  of  Syuire  £7uJ,  indicate  the  change  a  from  1*1 0 — 3 
to  4*5*10”3  cal/cm2  s°C.  To  me  same  result  lead  the  calculations  a 
according  to  known  distrioution  me  pressures  along  profile/airfoil, 
based  on  semi-empirical  formulas. 

Thus,  for  wing  pronles/airroils  we  can  coaparatively  reliably 
indicate  the  boundaries  of  possible  values  a.  However,  obtaining 
precise  values  a  for  concrete/specif ic/actual  prof iles/airf oils  and 
flight  conditions  exceeds  the  limits  of  the  present  investigation.  In 
each  specific  case  a  can  oe  determined  either  experimentally  cr  with 
one  or  the  other  degree  or  approximation  on  the  basis  of  the 
available  relatiorships/ratros,  which  connect  a  with  profile  pressure 
distribution. 


It  must  be  noted  that  researchers'  series/row  determines 
heat-transfer  coefficient  somewhat  differently  from  this  accept  in 
the  present  work,  namely,  they  uetermine  a  from  the 
re  let ionship/r at io 


?! 


3 


/  rut* 
(  2 Jt„ 


(3.17) 
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where  t,  and  ut  -  respectively  temperature  and  speed  on  the  boundary 
of  boundary  layer.  Let  us  recall  tnat  we  determined  a  from  the 
relat ions hi p/ratio 

(3-5) 

where  t„  and  u  0  -  temperature  ana  speed  of  the  undisturbed  flow. 

It  is  easy  to  see  that  uota  tnese  expressions  would  be 

uJ 

identical,  if  r=1,  since  in  tms  case  t0  t-  -5-,—  =*<,  f-  .  However,  in 

A  J  Cp  IJCp 

the  real  case,  with  r<1,  these  expressions  do  not  coincide.  Actually 
the  inadequacy  of  re laticnships/ratios  (3.17)  and  (3.5)  is  included 
faster  not  in  different  determinations  a,  but  in  the  different 
determinations  of  recovery  factor  l. 

FOOTNOTE  *.  It  is  more  aetailed  with  these  two  determinations  of 
recovery  factor  it  is  possible  to  oecorae  acquainted  in  Hilton's 
monograph  [30].  ENDFOOTNOTii. 

Returning  to  expression  (J.15)  we  see  that  there  is  entire 
necessary  and  sufficient  for  aeterminaticn  “’.p  for  an  instrument  SIO. 
For  convenience  in  the  calculations  the  same  Fig.  16,  in  which  is 
given  the  dependence  a  and  u  ,  depicts  dependence  of  E/v  on  and 


SK 
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FOOTNOTE  2.  Factor  1/w  ceaects  the  fact  that  on  the  average  the 
increase  of  ice  f lows/cccurs/iasts  evenly  all  over  circumf erence  of 
rotating  cylinder.  E NDFOGTNOTts. 

Values  w'jp  in  some  special  cases,  designed  with  the  aid  of  diagrams 
Fig.  15  and  16,  give  in  Taole  5.  in  this  case  the  value  of  recovery 
factor  r  for  SIO  accept  egual  to  0.85  (directly  tor  end  connections 
of  the  profile/airfoil  should  ue  accepted  r=1,  0). 

Bore  detailed  calculations  indicate  that  already  at  temperature 
*o  <  —  5W  w,p  it  exceeds  the  usually  encountered  values  of  water 
content  of  clouds  (Fig.  11).  ttoreover,  even  with  t0=-3°  (as  is 
evident  from  Table  5)  ana  flignt  speed  u  "  75  on  m/s  (270  km/h), 
water  content  of  clouds,  as  a  rule,  is  less  *'«,,• 

Page  61. 

However,  in  individual,  exclusively  rare  cases  water  content  of 
clouds  can  prove  to  be  note  tnan  uKf,  even  with  to=-10°.  Therefore  in 
specific  examples  with  large  iiguia-vater  contents  always  it  is 
necessary  to  keep  in  mina  tne  possibility  of  the  involuntary  freezing 
of  the  depositing  water. 
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For  wing  profiles/airroils  relation  ~  (it  can  be)  is 

E 

J7C 

approximataly/exemplar ily  J-b  times  less  than  value  -  for  an 

/ 

instrument  SIO.  Thus  tor  tne  spout  of  profile/airfoil  several 
times  is  less  than  for  the  cylinder  which  rotates  by  50  mm,  and 
sufficiently  frequently  it  can  reach  the  values  of  liquid-water 
content  virtually  encountered  in  clouds.  Thus,  one  should  sweep  in 
fora  that  for  the  center  section  or  the  plane  in  the  individual, 
completely  probable  cases  p  it  can  prove  to  be  lower  than  for  an 
instrument  SIO. 

B)  The  temperature  of  the  icing  up  surface  and  evaporation  from  it. 

In  the  absence  of  beat  exchange  with  internal  surface  the 
temperature  of  surface  I.  is  connected  with  flight  conditions  on  the 
equation  of  heat  balance  (3.  13) .  dowever,  the  complicated  dependence 
of  separate  terms  of  this  equation  on  temperature  ts  does  not  make  it 
possible  to  in  general  sclve  it  relatively 

Comparatively  simply  it  is  possible  to  determine  the  temperature 
of  surface  <  in  the  particular  case  when  a  quantity  of  depositing 
water  m*r  i.e.  in  accuracy  compensates  the  evaporation  of  ice 

from  it. 
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Table  5. 
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.1 
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:i 
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3 

1  ,02.-. 

(V  v-t 

Key:  (1).  (a/s).  (2).  <ab  )  .  (3).  (g/n*)  . 
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*  *  '  t  ~~et 

Then,  on  the  basis  of  that  4  that  m< r-  0,62-S- - ^ — —  and,  substituting 

r  0  J 

in  equality  (3.13)  for  tnis  expression  m.,  ve  will  obtain 


j  ./  < 


u, . . 


.  (.i.  ih) 


FOOTNOTE  ».  Cm  the  section  of  o  present  chapters.  endfootnote 
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When  deriving  the  equation  (3.18)  we  proceeded  from  that  fact 
that  as  a  result  the  water,  depositing  on  body  surface  and  which  was 
being  located  thus  far  at  temperature  t0,  evaporates  and  is  converted 
into  water  vapor  at  temperature  /  Since  the  heat,  necessary  for  this 
conversion,  must  not  depenc,  in  view  of  the  reversibility  of  process, 
from  that,  in  what  way  we  to  ttiis  come,  then  it  it  is  possible  to 
equate  with  the  heat,  spent  on  neating  water  from  t0  to  /,  and  its 
subsequent  evaporation  at  temperature  <,  For  this  very  reason  into 
relationship/ratio  (3.  Id)  enters  either  heat  of  cooling  ice  0®  down 
to  t.  or  the  heat  of  the  freezing  of  water. 

The  solution  of  equation  (3. Id)  is  represented  in  the  form  of 
the  nomogram  (Fig.  17),  tae  mctnoa  of  the  use  of  which  following: 
from  the  lower  horizontal  scare  of  speed  (for  example  ».  --<30  m/s) 
should  be  to  be  raised  on  vertical  straight  line  to  the  curve  of 
assigned  r  (r=0.  9)  ,  then,  moving  over  horizontal,  to  reach  the 
intersection  with  assigned  line  t0  (for  example  -10°) finally  being 
discharged  from  point  or  intersection  on  vertical  line  down,  to  scale 
read  the  response/answer,  in  tms  case,  -8.6°.  The  made  path  is 
shown  in  figure  by  arr cw/pomter. 

It  is  obvious  that  witn  aircraft  icing  a  quantity  of  depositing 
water  is  more  than  evaporating,  consequently  temperature  ts. 
determined  according  to  relatronsnip/rat io  (3.18),  Budde  lower  than 


1 
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actual,  since  in  equality  (J.ld)  is  not  considered  the  inflow  of 
heat,  caused  by  the  freezing  or  tae  supplementary  part  of  the 
deposited  water.  If  we  disregaru/neglect  kinetic  energy  of  the 
depositing  water  drops,  tuen  it  is  not  difficult  to  ascertain  that 
for  the  more  precision  determination  of  value  4.  it  is  possible  to 
use  the  same  nomogram  (tig.  17)  ,  ir  we  instead  of  uo^  proceed  from 
certain  "given"  speed 


'd.l'J) 


FOOTNOTE  Dependence  “»  and  on  t  <  is  comparatively  small  and  during 
calculations  of  radicand  witn  a  sufficient  degree  of  accuracy  it  is 
possible  to  take  as  t.  the  equal  to  the  value,  found  from  equality 
(3.18).  ENDFOOTNOTE. 


Correction  found  tnus  cau  reach  completely  noticeable  value.  For 
example,  with  E=0.5,  w=d .  1*  1 0“*  g/cm3,  a=5*10’“3,  r=  1  and  «oo=104  cm/s 
this  correction  is  equivalent  to  an  increase  in  the  speed  more  than 
twice. 


At  the  known  value  of  tue  temperature  of  icing  up  surface  *s 
does  not  comprise  large  work  to  calculate  the  mass  of  ice  m,, 
evaporating  from  a  unit  of  surface  per  unit  of  time,  and  the  value  of 
water  content  of  clouds  necessary  for  the  compensation  of  this 


wry  w 
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evaporation. 


Page  63. 


Actually/really , 

m,  =  a  .  k3  (t,  ,  tt  Pt) 


and,  therefore. 


wi 


■  K3  U„  tt,  PB), 


F.a  u 


(3.20) 


(3.21) 


where 


KlUs,  to,  P'l) 


0.1528  '  h  -  *  **<!■■ 
cp  n 


(3.22) 


Pig.  18  gives  simple  aoaoyua  for  determining  the  function  K3  in 
dependence  on  values  t,  and  P0. 


For  illustration  in  taole  t>  are  given  values  and  w,  ,  for  SIO 
in  some  special  cases  (water  coutent  of  clouds  is  accepted  equal  to 
0. 2  g/m3) . 


Thus,  after  determining  ■»  and  TC';  and  knowing  liquid-water 
content  w  and  temperature  te  clouds,  it  is  possible  according  to 
equation  (3.14)  to  find  the  coefncient  of  freezing  0.  Por  an  example 
the  saae  Table  6  in  latter/iast  column  gives  values  0.  From  table  it 
is  evident  that  even  at  temperature  of  air  -3° value  0  is  very  close 
to  unity,  if  the  speed  ot  aircraft  does  not  exceed  200  km  hour. 


<Q0  POO  300  V  WOl/n/cei 


Fig.  17.  Roaograa  for  determining  the  temperature  of  icing  up  surface 
t  The  aethod  of  use  is  described  in  text. 


Key:  (1).  Recovery  factor.  id).  Temperature  of  air.  (3).  m/s. 
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At  conclusion  of  present  cuapter  let  us  note  that  the  detailed 
analysis  of  the  process  of  neat  exchange  conducted  on  the  surface  of 
aircraft  under  conditions  of  icing  Bakes  it  possible  to  answer  one 
aore  virtually  very  important  guestion.  Namely,  to  what  temperature 
it  is  necessary  to  ensure  neatrug  the  surface  of  aircraft  during 
flights  in  dry  air  in  order  during  flights  in  clouds  to  guarantee  the 
prevention  of  icing. 


In  order  to  guarantee  toe  absence  of  icing,  inflow  of  heat  to 
the  unit  of  surface  for  tia»s  unit  g  (i.e.,  density  of  the  heat  flux 
applied  to  internal  surface)  must  ensure  its  heating  to  0°  and 
completely  compensate  tne  neat  removal  so  that  in  this  case  would  not 
occur  the  freezing  of  the  deposited  water.  Consequently  it  is 
possible  to  write  that 

q  —a  (0  —  tn )  - 7 ~f~ m,  *>(0  ~  *o)  ~  %  '  ^^3) 

From  other  side  this  same  inflow  of  heat  g  provides  in  dry  air 
heating  surface  to  certain  unknown  temperature  K  Thus,  occurs  the 
equality 

q=-a(tf  s  (3.24) 


Equalizing  right  sides  (3.23)  ana  (3.24),  we  will  obtain 


0.628  “*0°^  (3.25) 

f,  ==  Lme,  -7-  ~JT  r  y  M  —  -r2T  /  . 


u* 

or,  disregarding  term  (witu  uuo<!00  m/s  this  is  completely 

admissible) ,  finally  it  is  possible  to  write 


»«„  £ 

*,  =  600  ■  K,<0, /„/>,)  4  — —  I  I 


(3.26) 
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Pig.  18.  Moaogt?ai  for  deter  «m..ug  function  p»)-  Arrow/pointer 

showed  an  example  of  determination  k3  with  /«—-  ir.  tg  •_ »#•  and  Po=850 
nb. 

Key:  (1).  Ice.  (2).  nb.  C5)  .  u  O-+<l\ 

Page  66. 

Fro*  relationship/racio  (i.2b>  it  is  evident  that  first  of 
all,  depends  substantially  on  tQ,  i. e. ,  fron  that  temperature  with 
which  we  want  to  completely  eliminate  the  possibility  of  ice 
formation.  So  already  with  t0=-2Q°  even  with  the  quite  minimum 
liquid-water  content,  wnicn  ensures  only  the  wettability  of  surface, 
overheating  tt—t0  must  exceed  J0°,  and  upon  consideration  of  a 
maximally  possible  value  of  liquid-water  content  and  coefficient  of 
capture  this  overheating  must  reach  to  40-50°. 

Such  power  of  deicers  it  is  nardly  possible  to  ensure  without 
the  essential  weighting  of  aircraft  and  considerable  deterioration  in 
the  flight  characteristics.  For  this  very  reason  it  seems  to  us  by 
advisable  during  the  construction  of  the  thermal  deicers  for  the 
protection  of  the  planes  of  aircraft  to  everywhere  pass  to  the  method 
of  the  fluctuating  preheating,  proposed  by  Tribus  [78], 
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Chapter  IV. 

EXPERIMENTAL  STUDIES  OF  TriE  iCi.hU  uF  PRO PELL ER- BRI V EH  AIRCRAFT. 

1.  Purpose  and  procedure  or  experimental  flight. 

The  construction  or  tne  tneory  of  icing,  led  to  quantitative 
results,  not  only  does  not  eliminate  the  need  for  conducting  the 
experimental  studies  of  aircrart  icing,  but  moreover,  are  posed  nev 
problems,  considerably  expanding  series  of  question,  included  earlier 
during  the  experimental  study  of  icing. 

Up  to  1950  our  basic  experimental  material  on  aircraft  icing  in 
USSR  was  the  material,  accumulated  on  the  network/grid  of  the 
points/items  of  aircraft  sounding  of  the  Main  Administration  of  the 
Hydrometeorological  Service.  Up  to  1948  on  these  points/items  they 
conducted  only  qualitative  observations  of  the  icing  of  different 
aircraft  components,  seen  from  flight  aerologist's  place.  Since  1948 
in  flight  aerologist's  window  at  a  distance  of  30  cm  from  edge  was 
established/installed  the  special  template-indicator  of  icing.  It  is 
the  considerably  reduced  model  of  the  wing  of  heavy  aircraft.  On  the 
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front  of  the  teaplate/pattern  are  plotted/applied  the  alternating 
black-white  bands  with  a  wiatn  or  15  bid.  The  thickness  of  grown  ice 
is  determined  froa  measuring  pin  -  the  indicator  with  a  length  of  5 
cm  with  divisions  by  5  am.  In  tae  presence  of  icing  the  flight 
aerologist  notes  height/altituae  and  time  of  the  beginning  of  icing, 
thickness  of  grown  ice  for  separate  time  intervals,  fora  and  form  of 
icing  and  height/altit uue  ana  time  of  the  end/lead  of  the  icing. 

Despite  the  fact  that  this  observation  still  it  is  not  possible 
to  naae/call  quantitative,  since  tne  estimation  of  the  icing 
intensity  and  extent  (extensiveness)  of  the  zones  of  icing,  obtained 
on  the  basis  of  observations  ol  template/pattern,  is  sufficiently 
rough,  in  the  first  stages  of  tne  research  of  physics  of  icing  these 
observations  had  vital  importance.  They  made  it  possible  to  gather 
vast  low-quality  material  about  different  forms  and  forms  of  icing, 
to  obtain  the  specific  statisticai  data,  etc.  Many  results  of  these 
observations  were  used  in  i.  G.  Pchelko's  works  [23). 

However,  during  the  detailed  research  of  physics  of  icing,  in 
principle  it  is  not  possible  to  n«  satisfied  by  similar  low-quality 
observations,  since  they  do  not  give  the  possibility  to  connect  icing 
with  such  basic  parameters  of  clouds  as  liquid-water  content  and 
distribution  of  cloud  drops  according  to  sizes/dimensions. 
Furthermore,  the  determination  oi  icing  intensity  to  templet  should 
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be  recognized  very  rougn  aua  inaccurate. 

Page  68. 

Therefore  it  was  necessary  to  manuracture  the  new  procedure  of  the 
experimental  study  of  icing,  making  it  possible  to  carry  out 
quantitative  measurements  witn  sufricient  accuracy  and  giving 
possibility  to  connect  special  reatures/peculiarities  in  the 
character  of  icing  with  tne  pnysical  parameters,  characterizing  the 
state  of  the  atmosphere,  anu  ror  flight  conditions.  It  was  necessary 
so  as  far  as  possible  tc  remove  tn«s  element/cell  of  subjectivity  in 
the  estimation  of  icing. 

To  the  development  cr  new  procedure  contributed  the  fact  that  in 
the  laboratory  of  the  cloud  investigations  by  TsAO  [^Central 

Aerological  Observatory]  was  accumulated  large  experiment  in  the 
study  of  different  sides  of  pnysics  of  clouds.  These  works,  initiated 
in  A.  H.  Borovikov  even  on  balloon  during  the  years  1946-1947  [3], 
led  to  the  creation  of  t toe  aircraft  flying  laboratory  equipment  with 
which  continuously  was  improved.  On  this  flying  laboratory,  beginning 
with  1950,  by  the  group  cf  coilegues  under  A.  M.  Borovikov's 
management/aanual  were  conducted  yearly  special  flight  expeditions 
for  the  study  of  cloud  microphysics,  icing,  on  the  analysis  of  the 
three-dimensional/space  structure  of  the  frontal  cloud  systems  and 
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other  phenomena.  Basic  part  or  these  flights  passed  to  the 
supercooled  clouds  of  laminar  terms  in  the  presence  in  them  of  icing. 

In  7  years  were  carried  out  more  than  300  such  flights,  with  the 
common  coating,  exceeding  1000  hours,  of  them  about  300  hours  fell  to 
flights  under  conditions  ot  icing. 

The  in  detail  flyiug  raDoratory  was  described  in  the  series/row 
of  works;  therefore  below  wa  will  give  only  the  enumeration  of  the 
basic  instruments,  estaolisneu/installed  on  aircraft,  and  their 
arrangement/position  (Fig.  19). 

1,  Aerographs. 

2.  Air  intake  ot  drops  (Pig.  20)  . 


3.  Micro-camera  mount 
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Fig.  19.  The  schematic  c £  tne  arrangement/position  of  instruments  in 
the  aircraft  of  IL-14:  1  -  aerograph,  2  -  automatic  recorder  of  the 

speed,  3  -  pressure  recorder,  4  -  electric  clocks,  5  -  electric 
plate,  6  -  thermometer,  7  -  indicator  of  icing,  8  -  measuring  dowel, 
9  -  altitude  indicator,  10  -  variometer,  11  -  speed  indicator,  12  - 
instrument  for  the  measurement  of  water  content;  13  -  automatic 
recorder  of  icing  (SIO) ,  14  -  micro-camera  mount,  15  -  automatic 
recorder  of  temperatures 

Page  69. 

4.  Different  instruments  tor  measuring  water  content  of  clouds, 
constructing/designing  V.  Ke.  flmervin,  based,  for  supercooled 
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clouds,  on  principle  of  ice-settling  cylinders,  and 
construction/design  of  v.  A.  Zaytsev  -  on  the  principle  of  filter 
paper. 

5.  Instrument  stand  to  amen  are  fastened/strengthened  altitude 
indicators,  speed  and  overloads,  compass,  watches.  To  this  same  stand 
is  fastened/strengthened  tne  toggle  switch  from  the  electric  bell  on 
signal  of  which  was  conducted  tne  simultaneous  measurement  of 
different  parameters. 

Besides  those  enumerated,  on  coard  aircraft,  depending  on  the 
task  of  this  concrete/specific/ actual  flight,  were  located  seme  other 
instruments. 

During  the  study  or  aircraft  icing,  the  basic  goal  of 
investigations  in  our  first  expeditions  it  was: 

1.  The  explanation  of  tne  uependence  of  the  character  of  icing 
on  the  varied  conditions,  under  wmch  occurs  ice  accumulation. 

2.  Explanation  of  dependence  of  character  of  icing  on  form  and 
sizes/dimensions  of  icing  up  nod/. 


3.  Obtained  of  precise  guantitative  data  about  icing  intensity 
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of  bodies  of  cylindrical  corm,  roc  which  at  that  time  were  fulfilled 
theoretical  calculations  with  purpose  of  checking  results  of  theory. 

For  the  accomplishment  of  the  outlined  objective  was  made  the 
set  of  the  templates/patterns  of  various  forms  (Fig.  20) which  with 
the  aid  of  special  rod  were  earned  far  beyond  the  edge  of  aircraft 
(further  0.5  m) .  Into  set  entered:  the  disks  with  a  diameter  of  40 
mm;  the  sphere  with  a  diameter  of  40  mm;  cigar-shaped  body  of 
revolution  with  maximum  cross  section,  also  equal  to  40  mm;  the 
elliptical  cylinders,  directed  at  different  angles  toward  flow, 
rectangular  plates  and,  the  finally  round  cylinders  of  different 
diameters  both  rotating,  anu  not  rotating. 
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dependence  of  the  means  or  ice  deposit  on  the  fora  of 
profile/airfoil. 

Page  70. 

In  the  presence  in  flight  the  icing,  besides  observations  with 
the  aid  of  special  teaplates/patterns  continuously  conducted  also 
qualitative  observations  or  uifferent.  parts  of  aircraft,  which  were 
undergoing  icing,  and  artei  flignt  aerologist's  standard 
tenplate/pattern.  All  cnservations  were  accompanied  by  detailed 
records,  sketchings  and  pnotograpns.  In  the  period  of  icing  were 
conducted  usual  temperature  souuaiug,  measurement  of  liquid-water 
content  and  cloud  micrestructar e,  recording  the  flight  conditions  - 
speed,  height/altitude,  course  ana  so  forth  and  finally  was 
maintained  detailed  flight  log. 
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The  target  of  later  in-fligat  studies  (1955-1956)  was  conducting 
the  experimental  check,  presented  in  chapter  III  theory  of  the 
recalculation  of  icing  intensity  from  standard  to  plane  and  study  of 
the  three-dimensional/space  extent  of  the  zones  of  icing  in  different 
synoptical  positions.  On  a  latter/last  question  we  stop  will  not, 
since  it  exceeds  the  scope  ot  tms  work. 

For  the  accomplishment  ot  tae  first  objective  the  instrument 
part  of  flying  laboratory  was  completed  new,  developed  and  prepared 
by  that  time  in  Nil  Gap  by  a.  ye.  Azbel,  by  instrument  sio  (aircraft 
meter  of  icing  -  Fig.  21),  receiver  part  of  which  was  50  mm  the 
rotating  cylinder. 

Since  basic  part  or  the  instruments,  utilized  during  the  study 
of  icing  (air  intake  of  cloud  drops,  instruments,  which  measure  the 
liquid-water  content,  SIO  and  series/row  of  others),  is  placed 
outside  aircraft,  it  was  necessary  to  explain,  what  effect  has  on 
reading  of  these  instruments  the  disturbance/perturbation,  introduced 
into  medium  by  aircraft  during  its  ootion.  For  this  purpose  was  used 
the  Pitot  tube,  with  the  aid  ot  wmch  it  was  possible  to  determine 
with  sufficient  accuracy  or  tne  Boundary  of  the  zone  of 
disturbance/perturbation  into  tne  tield  of  velocities  and  the 
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cylindrical  resistance  thermometer ,  which  Bade  it  possible  tc 
rate/estiaate  the  boundaries  or  tut  zone  of  disturbance/perturbation 
in  teaperature  field. 

The  first  expeditions  (1950-1954)  were  conducted  on  the  flying 
laboratory,  equipped  on  an  aircraft  of  the  type  LI-2,  the  latter 
(1955-1956)  -  on  the  aircraft  of  IL-14. 

Entire  complex  of  observations  in  the  first  expeditions  was 
fulfilled  in  essence  by  tne  colleagues  of  TsAC:  by  A.  N.  Borcvikov, 
Z.  V.  Tonkova,  A.  A.  Reshcnixova,  Y.  Ye.  Hinervin,  N.  n.  Bokarev  and 
by  author;  in  separate  tiignts  participated  other  colleagues. 
Latter/last  expeditions  cn  It.- 14  were  conducted  together  with  the 
State  of  Nil  GVF ,  froa  wmch  in  tuei  accepted  participation  o.  K. 
Trunov,  g.  N.  Balashov  and  V.  a.  Yushkevich.  In  these  expeditions, 
besides  the  complex  of  observations  noted  above,  was  conducted  the 
study  of  the  effect  of  ainerent  rorm  of  icing  on  operational-flight 
aircraft  quality/fineness  ratios. 
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Page  72. 

Route  and  mode/conditions  or  each  of  the  flights  were  determined 
depending  on  overall  siuoptic  situation  in  flying  area  and  were  more 
precisely  formulated  directly  during  conducting  of  flight  itself.  As 
an  example  let  us  examine  one  or  tne  flights. 

Flight,  carried  out  on  12  April  1956,  passed  on  route  Vilnyus  - 
Riga  -  Vilnyus  -  Minsk  -  Vilnyus,  in  rear  of  cyclone,  in  uniform  air 
mass.  During  this  day  middle  latitudes  of  the  European  territory  of 
the  USSR  were  engage  by  tne  vast  area  of  reduced  pressures,  one  of 
centers  of  which  at  noon  was  located  above  the  northwestern  part  of 
Baltic  states  (Fig.  22).  From  center  in  Novgorod,  Vyshniy  Volcchok 
and  Moscow  is  passed  a  iront  ot  occlusion.  In  rear  of  cyclone,  on  the 
territory  of  Latvia  and  Litnuama,  is  passed  the  series/row  of 
secondary  cold  fronts.  A  similar  smoptic  situation  provided 
development  in  these  areas  of  restless  stratocumulus,  but  with  the 
places  and  very  powerf ul/tmcx  cumulonimbus  cloudiness. 

During  the  probing,  produced  during  takeoff  in  Vilnyus  10  hours 

(Pig.  23) ,  aircraft  opened  layers  sc  at  the  height/altitude  of 

500-1550  m.  Above  it  was  clear.  In  clouds  was  observed  the  icing. 
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After  probing  the  aircratt  went  in  righi's  direction,  being  located 
always  near  lower  cloud  base,  sometimes  even  to  short  period  leaving 
of  them  (in  the  places  where  me  crouds  raised  themselves)  . 

Cloudiness  was  restless  -  snarply  was  changed  the  height/altitude  of 
the  lower  and  upper  cloua  boundaries  and  their  power.  Icing  was 
observed  always,  in  this  case  its  intensity  (on  SIO)  was  changed  from 
0.04  to  0.13  mm/min.  Water  content  of  clouds,  measured  by  the 
instrument  of  Zaytsev,  oscillated  rrom  0.07  tc  0.29  g/m3.  In  the 
second  half  flight  on  saction  Vilnyus  -  Riga  the  intensity  of  icing 
is  considerably  feeble  (to  O.Ox-u.Ol  mm/min).  Liguid-water  content 
fell  to  0.04-0.02  g/m3.  lae  simultaneous  decrease  of  the  liquid-water 
content  of  the  drop  part  or  clouus  and  icing  intensity  coincided  with 
precipitation  from  the  clouds  or  snow.  During  entire  flight  was 
perceived  the  turbulence  rrom  wean  to  that  moderated.  However,  the 
straight/direct  correlation  or  cuanges  in  the  intensity  of  turbulence 
and  icing  it  was  not  observed. 

Upon  the  return  from  ngni  to  Vilnyus,  the  aircraft  flew  in 
essence  nearer  to  the  upper  euge  or  clouds.  Here  just  as  it  is 
earlier,  in  the  section  or  patn  nearest  to  Riga  the  icing  intensity 
remained  approxiraateiy/exemplaniy  permanent  and  weak:  0.07-0.09 
mm/min.  The  extent  of  the  rone  or  weak  intensity  was  «j130  km  in  upper 
boundary  (in  lower  it  reached  rOO  xm) .  Subsequently  the  intensity  of 
icing  began  sharply  to  be  cnangeu,  growing/rising  to  0.12-0.13  mm/min 
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and  falling  to  0.02-0.03  am/ain.  as  earlier,  direct 
connection/communication  or  tae  intensity  of  turbulence  with  icing 
intensity  to  reveal/detect  not  succeeded. 

In  section  Vilnyus  -  Minsk  tne  power  of  clouds  decreased  to 
300-400  m.  In  other  respects  tneir  character  reraained  as  before. 
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Fig.  23.  Vertical  section  or  c leans  in  flignt  12/IV  1956  on  routs 

Vilnyus  -  Riga  -  Vilnyus  -  Mias*  -  Vilnyus.  -  the  flight 

trajectory.  By  numerals  tu«y  are  snown:  the  temperature,  water 
content  of  clouds  in  g/m3  lin  small  circles)  and  icing  intensity  SIO 
in  om/min.  a  -  humping  ox  aircraft  ( -  is  weak,  a  •  -  moderated), 

-ft  —  snow. 

Key:  (1).  from.  ( 1 A )  .  to.  (2).  ftiga.  (3).  Shventionis.  (4).  Vilnyus. 
(5)  .  Minsk. 

Page  74. 

Thus,  in  present  flignt  was  inspected  the  zona  of  the  icing  of 
clouds  Sc  in  uniform  air  mass.  It  is  possible  to  consider  that  it 


covers  entire  mass  of  ciouus  ootn  in  the  horizontal  and  in  vertical 
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the  directions  (temperature  in  cloud  was  changed  from  -5  to  -9°)  . 
This  same  result  was  obtained  aiso  in  other  flights. 

Before  passing  directly  to  tne  analysis  of  the  assembled 
experimental  material,  let  us  pause  briefly  at  one  more 
moment/torque . 

As  is  known,  to  icing  are  subjected  the  most  diverse  parts  of 
aircraft,  from  rivets  to  planes,  control  vanes,  etc.  structure  and 
form  of  ice  deposits  substantially  are  modified  from  completely 
transparent  glassy  ice  to  wmte  milky,  from  smooth  and  even  to 
strongly  uneven,  U-shaped.  Tne  icing  of  one  form  does  not  exert  a 
substantial  influence  on  flight  aircraft  guality/f ineness  ratios  and 
does  not  represent  danger,  anotuer  -  on  the  contrary,  it  strongly 
makes  its  lift-drag  ratios  worse;  raises  drag,  decreases  the  lift, 
etc. 

The  extreme  diversity  or  forms  and  structure  of  ice  deposits 
becomes  apparent,  as  this  was  discovered,  not  only  depending  on  the 
flight  conditions  and  characteristics  of  cloud,  but  also  on  form  and 
sizes/dimensions  of  the  icing  up  nody. 

This  complicated  dependence  or  form  and  structure  of  deposited 
ice  on  numerous  factors  auu  existeu  disconnection  of  researchers 
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contributed  so  that  up  to  now  suii  there  is  no  conventional  single 
classification  of  the  forms  or  icing. 

Direct  participat ion  in  prolonged  flight  expeditions  for  the 
investigation  of  icing  during  o  years  allowed  us  to  compose  the 
classification  (table  8)  proposed  in  3  sections  of  present  chapter  of 
the  types  of  icing,  in  whicn  were  reflected  the  form,  the  structure 
and  the  type  of  the  surrace  of  growing  ice.  The  analysis  of  available 
material  showed  that  this  classir j.cation  sufficiently  in  detail 
transfers  the  encountered  forms  or  icing,  and  the  possibility  of 
light  coding  it  maxes  its  virtually  very  convenient. 

2.  Effect  of  the  distu rrance/perturbation,  introduced  by  aircraft  to 
the  measured  parameters  or  cioua. 

As  has  already  been  mentioned,  in  the  period  of  observation  of 
aircraft  icing  were  conducted  continuous  instrument/tool  observations 
of  different  parameters  or  cloud  and  flight  conditions,  namely,  after 
temperature,  flight  speed,  iiguia- water  content  and  cloud 
microstructure,  etc.  It  is  logical  that  the  receivers  of  these 
instruments  were  carried  outside  and  they  were  arranged/located  in 
immediate  proximity  of  aircrart  ana  therefore  they  were  located  in 
other  in  that  or  disturced  degree  to  the  zone  of  flow.  Therefore, 
first  of  all,  does  arise  guestiou,  is  possible  readings  of  these 
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instruments  to  relate  to  t lie  undisturbed  medium  or  these  readings 
characterize  certain  disturoeu  zone  and  require  the  introductions  of 
the  corresponding  corrections. 


The  possibility  of  tnis  type  of  the  errors  due  to  the 
perturbation  of  flow  was  tor  tne  nrst  time  by  us  expressed  into  1953 

j 

more  in  connection  with  tne  study  of  the  errors  for  the  aircraft  air 
intake  of  drops  [32].  Tne  conclusion  that  containing  in  this  work  the 
probable  error,  introduced  due  to  the  aircraft  which  perturbs  actions 
in  the  measured  range  or  dimensions  does  not  exceed  5o/o  for  the 
drops  of  any  sizes/dimensions,  was  based  on  very  rough  qualitative 
reasonings. 

Page  75. 

Therefore  it  is  expedient  in  more  detail  to  examine  the  perturbing 
effect  which  introduces  into  current  of  traffic  of  aircraft. 


A)  the  field  of  velocities  and  temperatures  around  aircraft. 

Pig.  19  gives  schematically  tne  fuselage  contour  of  the  aircraft 
of  11-14  and  are  shown  of  tne  place  of  the  arrangeaent/position  of 
or  the  other  receivers  ui  meteorological  elements. 
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For  measuring  of  velocity  neids  was  made  the  tube  with  a  length 
of  120  cm  with  the  aid  or  wmcn  it  was  possible  to  measure  certain 
value,  proportional  to  the  dynamic  head.  Speed  indicator  was 
connected  to  tube  and,  thus,  it  was  possible  to  count  off  the  values 
of  the  airspeed  in  some  relative  unity.  In  rate  measurement  at  the 
assigned  distance  from  euge  tue  tuoe  together  with  special  nozzle  was 
turned  around  its  axis  to  tne  maximum  reading  of  speed  indicator  how 
was  reached  the  parallelism  of  nozzle  to  airflow. 

For  measuring  the  temperature  field  served  universal 
temperature-sensing  device  P-1,  fastened/strengthened  to  the  end/lead 
of  the  tube  with  a  length  of  80  cut.  As  the  monitor  of  temperature 
served  receiver  ST-23. 

The  measurements  of  rate  and  temperature  were  conducted  through 
every  5  cm  along  the  ncrmal  from  tne  edge  of  aircraft.  In  this  case 
the  rate  was  measured  with  an  accuracy  to  5o/o,  temperature  -  with  an 
accuracy  to  0.3°.  The  results  or  measurements  showed  that  the  zone  of 
the  disturbance/pert urbatj.on  (zone,  on  outer  edge  of  which  the 
parameters  of  medium  virtually  are  not  changed  during 
removal/distance  from  edge)  it  giows/rises  from  8  cm  at  point  1  (Fig. 
24)  to  20  cm  at  point  3.  Hate  witnin  the  zone  of 

disturbance/perturba ticn  grew/rose  along  the  normal  from  fuselage  to 
the  outer  edge  of  zone,  viucii  attests  to  the  fact  that  the  zone  of 
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disturbance/perturbation  is  ooundary  layer.  The  high  transverse 
sizes/dimensions  of  layer  testily  about  its  turbulent  character. 

The  temperature  of  tne  stagnant  flow  (static  temperature) 
virtually  was  not  changed  witn  r«moval/distance  from  the  edge  of 
aircraft.  The  latter  means  tuat  tne  dissipative  terms  do  not  play  the 
significant  role  and  the  zone  or  tne  disturbance/perturbation  of  its 
own  thermodynamic  temperature  or  iiow  coincides  with  the  zone  of  the 
field  distortion  of  velocities. 


DOC  =  79116106 


PAUjS  fff 


Fig.  24.  Diagram  of  the  zone  of  ttie  disturbance/perturbation  of  air 
flow  near  the  fuselage  of  aircraft.  1  -  lateral  window  of  the  chief 
pilot;  2  -  third  window  of  passenger  compartment,  3  -  latter/last 
window  of  passenger  compartment . 

Key;  (1)  .  Zone  of  disturbance/perturbation. 

Page  76. 

One  should  especially  note,  taat  even  so  the  boundary  layer  at 
point  2  has  thickness  or  1z-15  cm,  on  boundary  its  rate 
approximately/exemplarily  to  lOo/o  is  more  than  at  infinity.  This  is 
explained  by  the  fact  tnat  point  2  is  located  directly  above  the  wing 
of  aircraft  at  a  distance  wuere  still  manifests  itself  the 
disturbance/perturbation,  introduced  by  wing  into  flow.  Apparently  on 
the  same  reason  the  rate,  attained  on  the  boundary  of  zone  at  point 
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3,  by  several  percentages  loner  than  rate  at  infinity. 

Thus,  the  conducted  investigations  of  the  fields  of  velocity  and 
temperature  lead  to  the  tollowing  conclusions: 

1.  The  zones  of  the  distarnaace/perturbation  both  the  field  of 

velocities  and  their  own  temperature  field  of  the  moving/driving  flow 
coincide.  In  this  case  virtually  tne  zone  of  disturbance/perturbation 
coincides  with  boundary  layer  anu  increases  along  fuselage  towards 
its  tail  section  approximateiy/excmplari ly  as  j/T ’(/  -  distance  from 

the  face  grinding  of  fuselage),  leaching  the  latter/last  window  of 
passenger  compartment  has  cm. 

2.  Instruments,  whicn  use  lor  measuring  one  or  the  other 
parameters  of  undisturbed  now,  so  that  them  would  not  affect  field 
distortion  of  velocities,  muse  oe  placed  in  forward  fuselage  section 
at  a  distance  not  less  than  1b  cm  from  edge,  in  rear  -  not  less  than 
30  cm.  In  this  case  one  suoulu  remember,  that  the  rate  in  the  third 
window  of  passenger  compartment  to  lOo/o  is  more  than  the  rate  of 
aircraft  that  must  be  considered  oy  the  introduction  of  the 
corresponding  corrections. 

B)  distortions,  introduced  uy  tne  aircraft  into  the  spectral 
distribution  of  drops  according  to  sizes/dimensions  and  their 
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quantity  per  unit  of  volume  or  air. 

i 

i  In  order  to  define,  as  is  caauged  the  spectral  distribution  of 

drops  according  to  sizes/dimensions,  and  their  quantity  per  unit  of 

i 

volume  in  immediate  proximity  or  tne  fuselage  of  aircraft  due  to  the 

i  disturbance/perturbation,  mtrouuced  by  the  latter  during  motion,  let 

us  examine  the  flow  pattern  or  tuselage  cf  cloud  drops, 
i 

i  Fig.  25  schematically  shows  tne  flow  around  fuselage  of  air  the 

flow  around  fuselage  of  air  ana  drops  of  two  different  radii.  It  is 
easy  to  see  that  directly  along  siae  fuselage  can  exist  the  certain 
"dead"  zone,  where  do  not  tall  tne  drops  of  given  size/dimension.  It 
is  obvious  that  the  sizes/aiaensions  of  this  zone  are  different  this 
zone  they  are  different  tor  anierent  drops.  In  order  to 
rate/estiraate  these  sizes/aimeusions,  let  us  examine  the  stopping 
distance  of  the  drop  of  tuc  assigned  radius,  which  began  to  move 
along  the  normal  to  the  surface  or  fuselage  with  the  assigned  initial 
velocity.  Let  us  consider  in  the  first  approximation,  that  the 
general/common/total  motion  or  drop  is  composed  of  its  motion  along 
the  flow  line  of  air  and  along  tne  normal  to  this  line. 

In  detail  the  calculations  or  the  stopping  distance  of  drop 
taking  into  account  deflection  rrom  Stokes'  law  are  given  in  2 
sections  of  V  chapter,  here  let  us  note  that,  if  we  as  reference 
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length  accept  the  stopping  distance  of  Stokes  drop  K0,  then  real 
stopping  distance  can  be  expressed  by  the  formula  of  the  form 
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Fig.  25.  Schematic  of  tne  llo*  around  the  fuselage  of  aircraft  of  air 
flow  (thin  lines)  and  or  cloud  drops  of  different  sizes/diaensions  (1 
and  2)  . 

Page  77.  . 

Dependence  of  X/X0  on  Fe0  rs  represented  in  Fig.  26. 

Estimating  stopping  distance  in  centimeters t  - (X/X„)  (2ur2/9p) , 
we  see  that  for  the  drops  or  radius  10  p  2  does  not  exceed  5  cm,  even 
if  normal  component  of  tne  rate  or  drop  with  respect  to  flow  attains 
100  m/s.  Thus,  hardly  one  should  expect  that  the  dead  zone  can  exceed 
5  cm.  Obvious  further  that  tne  zone  of  the  disturbance/perturbation, 
introduced  into  the  flew  oi  "true  liquid"  by  the  motion  of  aircraft, 
cannot  be  substantially  more  tnau  the  zone  of  the 
disturbance/perturbaticn  or  air  flow. 

Above  it  was  mentioned,  tnat  the  air-stream  velocity  was 
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different  from  rate  at  infinity  (in  limits  of  accuracy  of 
measurement)  only  in  a  comparatively  narrow  boundary  layer,  which  was 
being  expanded  from  8  cm  lu  1st  pilot’s  window  to  20  cm  in  the 
latter/last  window  of  passenger  compartment. 

To  us  it  seems  that  tne  reasonings  outlined  above  sufficiently 
convincingly  indicates  the  tact  that  all  utilized  in  flying 
laboratory  instruments  wnose  receivers  were  placed  at  the  distances, 
exceeding  30-40  cm  (air  intake  or  the  tests/samples  of  cloud  drops, 
meters  of  liquid-water  content,  aid,  etc.),  with  a  high  degree  of 
accuracy  are  measured  tne  parameters,  which  relate  to  the  undisturbed 
air  flow. 

3.  Classification  of  the  torms  ci  icing. 

Ac  has  already  been  mentioned  above,  for  explaining  the 
dependence  of  the  character  of  icing  on  form  and  sizes/dimensions  of 
the  icing  up  body  was  investigated  the  icing  of  the  bodies  of  various 
forms.  The  assembled  material  consists  of  many  tens  of  sketchings  and 
photographs  of  ice  accumulation  on  spheres,  disks,  rectangular 
plates,  cigar-shaped  bodies,  models  of  wings,  elliptical  cylinders, 
etc.,  which  make  it  possioie  to  trace  the  evolution  of  these  forms. 


and  also  several  hundred  quantitative  observations  of  the  icing  of 
cylinders  in  diameter  2,  Id,  20,  34,  50  and  7C  mm  both  rotating  and 
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motionless  ones. 

The  basic  results  of  us  duax^sis  of  the  assembled  experimental 
material  are  reduced  to  tne  lolloping. 


1 
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2.  Diversity  of  different  rorius  of  icing  affects  changes  in 
form,  structure  of  surface  ana  on  structure  of  groan  ice.  Any  form  cf 
icing  it  is  convenient  to  consider  as  deflection  from  "ideal", 
accepting  as  the  "such  iaeal"  icing  when  the  layer  of  grown  ice  is 
small  and  repeats  the  fcirn  ox  the  nody  (for  a  cylinder  -  this  is 
crescent-shaped  form).  Ine  surface  of  ice  smooth,  color  is 
milk-white.  Ideal  icing  occurs  witn  sufficiently  low  temperatures  and 
low  liquid-water  contents. 

Table  7  gives  several  cases  or  ideal  icing. 

Ideal  icing  is  possiole  only  when  the  deposited  drops  freeze 
virtually  instantly,  without  spreading,  the  zcne  of  settling  drops  in 
this  case  virtually  coincides  tutu  the  zone  of  the  icing  of  body. 

In  the  process  of  tne  icing  wnen  the  thickness  of  grown  ice 
becomes  comparable  with  tne  sizes/aimensions  cf  body,  the  form  of  ice 
gradually  differs  from  iueai.  Tins  occurs  the  more  rapid  the  greater 
water  content  of  clouds. 


Ideal  icing  easily  can  oe  explained,  also,  on  the  basis  of  the 
theoretical  positions,  developea  in  the  preceding/previous  chapters 
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Actually/really  the  form  or  laeai  icing  is  transferred  well  by  the 
character  of  a  change  or  tne  local  coefficient  of  capture  when  the 
coefficient  of  freezing  can  o<=  considered  equal  to  unity,  i.e.,  at 
sufficiently  low  ten pe ratui as.  Tne  milk-white  color  of  ideal  icing  is 
explained  by  heterogeneity  in  tne  structure  of  ice,  caused  by  the 
presence  of  an  enormous  quantity  or  the  smallest  air  bubbles,  which 
were  being  formed  between  tne  rapidly  frozen  drops  of  water. 

Deflections  from  ideal  icing  can  be  observed  on  all  three 
factors  together  or  separately.  Aoout  one  means  of  deflection  we 
already  spoke  above,  namely,  tnat  with  prolonged  icing  the  thickness 
of  the  layer  of  ice  becomes  compared  with  the  sizes/dimensions  of 
body.  In  this  case  both  tne  color  and  the  surface  of  ice  remain 
virtually  without  change.  Orten  in  this  case  from  the  edges  of  basic 
ice  outgrowth  ice  has  needl«-snaped  structure.  This  needle-shaped 
structure  in  edges  can  re  explained,  if  we  examine  the  flew  pattern 
of  body  of  cloud  drops  and  to  consider  that  in  the  edges  of  the  ice 
deposit  of  air-stream  velocity  are  comparatively  great,  and  th*3  local 
coefficients  of  capture  on  tne  strength  of  the  fact  that  the  flow  is 
almost  parallel  to  body,  they  are  small.  Action  of  both  these  factors 
contributes  to  the  efflorescence  of  ice  from  edges. 
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Page  79. 

dost  frequently,  when  tne  grown  ice  is  compared  according  to  the 
thickness  with  the  sizes/uimensions  of  body,  the  smallest 
heterogeneities  on  surface  whicn  earlier  appeared  by  completely 
smooth,  they  grow  to  the  race  mat  the  surface  becomes  rough. 
Furthermore,  so  that  the  thicKness  of  ice  would  achieve  noticeable 
sizes/dimensions  (on  too  small  nodies)  necessary  that  the 
liquid-water  content  would  be  s utt icient ly  great.  Latter/last  fact 
contributes  so  that  ice  uecomes  less  porous,  in  it  it  is  less  than 
air  bubbles  and  its  colot  is  changed  from  milk-white  to  cloudy-white. 

If  flight  occurs  at  sutnciently  high  temperature  (t>-5-7°)  , 
drops  do  not  manage  to  treeze  instantly  and  under  the  action  of 
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power  ful/thick  airflow  somewnat  are  related  to  the  edges  of  body. 
Under  these  conditions  the  increase  of  ice  from  edges  occurs  more 
rapidly  and  the  frontal  part  of  it  becomes  at  first  flat/plane  (if 
earlier  it  was  curved) ,  ana  tfteu  U-shaped  or  as  it  occasionally 
referred  to  as,  double-numped. 

To  the  conversion  of  fiat/plaue  form  into  U-shaped  contributes 
not  only  the  examined  effect  of  the  spreading  of  liquid,  but  also  a 
change  in  the  flow  pattern.  Actuaily/rea lly,  it  is  not  difficult  to 
see  that  the  coefficient  of  capture  in  the  edges  of  flat/plane  body 
must  be  more  -  to  edges  cumulative  effect  of  the  deflecting  force  of 
flow  on  drop  along  the  length  tne  path  of  the  latter  decreases.  This 
qualitative  conclusion/cutput  was  nave  checked  we  experimentally. 
Actually/really,  the  edge  of  flat/plane  disks  and  flat/plane 
rectangular  plates  despite  all  couaitions  they  iced  up  more  rapidly, 
forming  characteristic  ice  nm. 

The  fact  that  the  drops  rreeze  not  instantly,  contributes  so 
that  ice  of  less  porous  ones,  in  it  is  less  than  air  pockets  and  it, 
therefore,  more  is  transparent. 

Finally,  with  high  temperatures  and  large  liquid-water  contents 
frequently  is  observed  transparent  ice  whose  surface  is  strongly 
uneven,  and  form  can  be  very  whimsical.  This  character  of  icing  is 
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explained  additionally  to  tne  ractors  enumerated  above  by  the 
possibility  of  the  noticeable  fluctuations  in  liquid-water  content, 
which  lead  to  the  dissymmetry  of  settling  water  and  at  first 
insignificant  separate  protuberances/prominences,  which  facilitate 
appearance,  which  grow  subsequently  into  large/coarse  mounds,  as  is 
evident,  for  example,  in  £ig.  xl.  as  a  rule,  ice  in  this  case  either 
transparent  or  weakly  tumid.  Tne  latter  should  be  explained  the 
presence  in  ice  no  longer  dir,  but  water  inclusions,  on  the  strength 
of  the  fact  that  at  high  temperatures,  as  shewn  in  chapter  III, 
freezes  all  depositing  water,  xce  formation  at  high,  close  to  zero 
temperatures  when  manages  to  freeze  all  deposited  water,  sometimes  is 
characteristic  by  the  presence  or  the  ice  flows,  which  exit  tor  the 
zone  of  settling  drops,  tatter/last  phenomenon  is  observed  at 
temperatures,  as  a  rule,  nrgber  than  -2,  -3®. 

Numerous  observations  of  the  icing  of  bodies  made  it  possible  to 
manufacture  the  simple  system  (coue)  of  the  recording  of  the 
encountered  forms  of  icing,  represented  in  Table  8.  with  the  aid  of 
the  code  it  is  possible  with  sufucient  completeness  to  easily  and 
rapidly  write  any  form  ct  grown  ice  encountered  in  practice.  The  code 
consists  of  three  numerals  tne  rirst  of  which  reflects  the  form  of 
grown  ice,  the  second  -  tne  degree  of  transparency  (color)  and  the 
third  -  the  degree  of  toe  surrace  roughness. 
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As  examples  of  the  use  o r  cue  code  table  9  gives  several  cases 
of  the  icing  of  cylinders  the  diameter  of  3  mm  and  their  decoding, 
and  also  three  photographs  (Fig.  ^7)  of  the  icing  of  different  form, 
above  which  are  shown  tne  numerals  of  the  code. 

In  conclusion  let  us  again  note  that  simultaneously  the  form  of 
the  icing  of  different  bodies  (for  example,  template/pattern  and  of 
plane)  can  be  various  (ana  is  transmitted,  therefore,  by  the 
different  numerals  of  toe  cone)  . 

Page  80. 

Therefore  during  the  determination  of  effect  on  flight  aircraft 
quality/fineness  ratios  of  one  or  the  other  fcrm  of  icing  one  should 
indicate,  on  what  aircraft  component  this  form  is  determined. 
Apparently  the  disregard  or  cuis  factor  was  one  of  the  reasons,  on 
which  the  different  autnors  m  uirrerent  ways  estimated  the  role  of 
that  or  another  form  of  the  icing  (see,  for  example  [10]). 


Page  81 
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4.  The  experimental  check  or  tuaoretical  calculations. 

Bringing/finishing  tae orj  to  numerical  results  makes  it  possible 
to  conduct  not  only  its  qualitative,  but  also  quantitative  comparison 
with  experimental  results,  in  chapter  II  is  shown  that  the  intensity 

of  the  increase  of  ice  on  body  can  be  written  in  the  form 

1-4-  «  (  t.i) 

First  of  all,  logically,  one  ought  not  to  have  drawn  a 
comparison  of  theory  witn  experiment  on  the  rotating  cylinders, 
because  their  form  and  coefficient  of  capture  in  the  process  of  icing 
are  changed  comparatively  little.  The  instrument,  used  for  this 
purpose,  was  three  connected  witn  the  axis  of  the  cylinder  of  the 
different  diameters:  0.30,  1.99  and  6.93  cm.  Cylinders  were  given  in 
rotation  with  the  aid  of  the  electric  motor,  placed  within  larger  of 
them.  Distance  from  the  edge  oi  aircraft  to  the  nearest  cylinder 
exceeded  50  cm.  Instrument  was  placed  at  the  rear  window  of  passenger 
compartment. 
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Key:  (1).  Numeral  of  the  code,  (i) .  Fora  of  ice  growth.  (3).  Degree 
of  transparency  (colcr).  (*+)  .  Degree  of  surface  roughness.  (5). 
"ideal"  (crescent-shaped  -  ror  cylindrical  bodies,  moon-shaped  -  for 

bodies  of  revolution).  (t>)  .  Milk-white.  (7).  Smooth.  (8).  Outgrowth 

✓ 

is  compared  with  sizes/dimensions  of  body.  (9) .  Cloudy-white.  (10) . 
Rough.  (11).  With  edges  ice  outgrowths  accept  needle-shaped 
structure.  (12).  Turbid.  (13).  rough-uneven.  (19).  u-shaped  or  other 
whimsical  form.  (15).  Weakly  turbid.  (16).  Oneven.  (17).  Are  visible 
ice  drips.  (18),  Transparent.  (19).  Strongly  uneven. 
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1 

2 

3 

4 
."» 
6 
7 
H 
*1 
10 
II 


& 

,'Uth 


£ 


4/XII 
4/Xll 
1B/XI1 
16/XII 
18/XII 
21/XII 
21  /XII 
22/XII 
23/XII 
23/XII 
23/XII 


1952  r. 
1952  r. 
1952  r. 
1952  r. 
1952  i 
1952  r. 
1952  r. 
19.52  r. 
1952  r. 
1952  r. 
1952  r. 


Tennepa- 
rypa  (*C) 


% 


-10,7 

-15 

-5.7 

-4,9 

-3,9 

-4.5 

-5 

-1.1 
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-8.4 
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(r/na) 


$  <t>op*ia 
o5.ia<IHOCTH 


|^3annch 
no  koat 


0.(M 

0,21 

0.18 

0,11 

0.00 

0,32 

0,30 

0.21 

0.31 

■0.47 

0.31 


Sc 

Sc 

Sc  (Ns) 

Ns  (Sc) 
Ns 
SI 
Ns 
Si 
St 
Sc 
St 


121 

211 

311 

321 
242 
333 
232 
423 
343 

322 
221 


! 
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a 

(f 

ti 

i 

d 

e 
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3 

u 
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Key:  (1).  No  in  sequence.  (2).  Date.  (3).  Temperature  (°C)  .  (4;  . 

Liquid-eater  content  (g/m3)  .  (5)  .  form  of  cloudiness.  (6)  .  Recording 

on  code.  (7).  Index  of  Fig.  27. 


Page  82. 

During  work  with  tuese  cylinders  ( November-December  1954)  the 
flights  occurred  predominantly  in  stratus  and  nimbostratus  clouds. 
Data  of  the  measurements  ot  tne  tnickness  of  ice  frozen  on  cylinders 
are  given  in  Table  10. 


For  the  analysis  cr  tne  uata  given  in  table  10,  let  us  turn  to 
equation  (4.1).  In  this  equation  most  variable  value  is  w.  Value  p/p, 
at  temperatures  lower  tnau  -b°  can  be  accepted  as  constant  for  all 
cylinders.  Then,  assuminy/setting  flight  speed  on  constant  and 
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designating  through  It,  a2*  13  icing  intensities,  and  through  Et,  E2, 
E3  -  integral  coefficients  or  tne  capture  of  the  corresponding 
cylinders,  can  be  written 

(4.2) 

Since  actually  flight  speed  um  does  not  reaain  constant  and, 
furthermore,  it  does  not  remain  constant  in  the  process  of  the  icing 
of  cylinders  and  the  spectrum  of  tne  distribution  of  the 
sizes/dimensions  of  drops  /p.  reiationship/ratio  (4.2)  is 
approximate. 

The  practical  limits  or  deviation  of  rate  from  the  aver age/mean 
value  of  190  km/h  did  not  exceed  1u-20  km.  Hardly  one  should  expect 
that  'ep  for  the  same  time  interval  oscillated  more  than  to  0.5-1  h 
about  average/nean  value  or  4.5  p.  Taking  into  account  possible 
vibrations  «_*>  and  rrp  xt  was  established  that  in  the  increase  of  ice 
ratio  could  vary  approximateiy/exemplarily  from  0.55  to  0.72  at 

the  most  probable  value,  e^ual  to  0.63  (one  should  consider  that  in 
this  case  somewhat  they  are  cnanged  and  the  diameters  of  cylinders, 
that  it  can  introduce  supplementary  error  ®5o/o) ,  and  E3/Ez  - 
approximateiy/exemplarily  iroa  0.  lt>  to  0.52  at  the  most  probable 
value,  equal  to  *0.43. 
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,  l  a  i  a 

xTn.llliillltl  ||«l  Mi‘|>3liK“l  « 
^  i.a  njuHMjipax  ana.N 

.ii» ;i a  (mm; 
c‘TpuM : 

M’opsia 

uO.iaica 

3  MM 

20  MM 

10  MM 

i 

21  \1  1954  , 

14.01-ll.ll 

9.5 

3.2 

2 

2-  XI  l<lr.l  i 

11.25-  11.20 

3.6 

2.5 

0,3 

Sc 

3 

27  XI  I!  51  r. 

12.23-12.31 

3.9 

2,9 

i.l 

Sc 

4 

30,  XI  1051  r. 

15.30-15.50 

3.5 

2.1 

0.1 

Sc 

5 

30  XI  1051  r 

16.05-  16.16 

6.0 

4.7 

1.3 

5c 

6 

30  X1  1054  i  . 

16.32-16.42 

7.0 

4.3 

1,5 

Sr 

7 

1  /XII  1051  i. 

0.50—  9  43 

7 

2.6 

0.7 

Ns 

6 

7  XII  1954  r. 

16.04-16.14 

2.7 

1,5 

0.4 

Frnb 

9 

6  XII  1954  r. 

6.34—  6. .54 

4.3 

2,1 

0,3 

St 

10 

6/XI1  1954  i. 

9  07-  0.15 

6.5 

5.6 

1.7 

Sc 

11 

6  X  1  1054  r. 

0.29-  0.34 

7.0 

4.0 

1.0 

Sc 

12 

6/XII  1954  r. 

9.54-  9.58 

6.3 

3.1 

H.l 

Sc 

13 

9  XII  1954  r. 

12.36-  12.47 

1,5 

0,5 

0,1 

St  (Sc) 

14 

9  XII  19,54  i  . 

13.41-13.51 

5,0 

2.6 

0,7 

St  (Sc) 

15 

14/ X 1 1  1954  r. 

13.53-14.00 

6.0 

3  3 

o.o 

St  (Sc) 

16 

9/XII  1954  r. 

14.10-  14.15 

4,0 

2.6 

1.7 

St  (Sc) 

17 

“/XII  1954  r 

14.20-  14.25 

4,3 

2.6 

0,6 

St  (5c) 

16 

9, XII  1954  i 

14.41  -  1 1.46 

7.1 

4,3 

1.3 

Sc 

19 

10/;  II  1054  i .. 

9.25-  0.31 

1.6 

1.1 

0.4 

St  (Sc) 

20 

I0/XII  19,54  r. 

10.04-10.13 

3.9 

2,2 

0,5 

St 

21 

10/XII  1954  i  . 

10.17-  10.24 

2,7 

1.3 

0,2 

St 

22 

10/XII  1954  r. 

12.46-12.54 

3,6 

2.0 

0.5 

St 

V 

10/XII  1954  r. 

12.59-  13.09 

3,7 

1.7 

<»,3 

St 

Key:  (1).  No  in  sequence.  (l).  Date.  (3).  Tine.  (4).  Thickness  of 
frozen  ice  (mm)  on  cylinders  with  diameter.  (5)  Cloud  form. 


Page  83. 


The  comparison  of  experimental  data  with  theoretical 
calculations  shows  that  tne  ampiitude  of  the  oscillations  of  the 
relation  to  the  icing  intensity  rd  mm  of  cylinder  I2  to  the  icing 
intensity  3  mm  of  cylinder  it  is  more  than  this  is  expected  according 
to  theory.  Namely  I2v/T|  osculated  in  limits  from  0.33  to  0.74  at 
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average/mean  value  of  0.57.  nowayer,  ratio  I3/I2  oscillated  in  limits 
of  0.14  to  0.65  (if  we  jump  joints  in  thickness  of  grown  ice  it  is 
less  than  0.1  am)  about  averags/mean  value  of  0.32.  Tn  either  case 
the  experimental  values  of  relations  proved  to  be  than  somewhat  lower 
predicted  by  theory  in  the  first  case  approxiaately/exeaplarily  to 
lOo/o  and  the  secondly  approximatexy/exemplarily  to  25o/o. 

Apparently,  great  value  in  these  systematic  errors  has  the  fact  that 
the  measurements  of  the  tmcxness  of  grown  ice,  as  a  rule,  began  from 
thin  cylinder,  by  the  diameter  of  J  mm,  and  concluded  with  7C-mm. 
Since  measurement  was  conducted  within  the  aircraft  where  the 
temperature  was  more  than  0°,  tnen  is  possible  the  layer  of  ice  on  20 
mm  and  still  more  the  layer  or  ice  on  70  mm  cylinders  managed 
somewhat  to  thaw  to  the  momen t/torgue  of  measurement.  Furthermore, 
the  diameter  of  large  cylinder  was  measured  not  by  micrometer,  but  by 
vernier  caliper,  which,  naturally,  decreased  the  accuracy  of  reading. 

In  spite  of  some  snortages  in  the  procedure  of  experiment, 
obtained  results  should  be  considered  it  sufficiently  well  agreeing 
with  theory. 

In  expeditions  1955  and  195b  we  obtained  the  possibility 
somewhat  otherwise  to  approach  testing  of  theoretical 
relationship/ratio  (4.2).  For  tnis  purpose  was  used  the  already 
mentioned  previously  instrument  610,  which  with  an  accuracy  to  0.1  mm 
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continuously  recorded  the  tnicrness  of  ice. 

Utilizing  theoretical  calculations,  it  is  possible,  measuring 
the  intensity  of  ice  accumulation  on  SIO  -  1  in  form  (4.1),  to 
determine  the  value  of  liquid-water  content  Value  ®CMo  found 

thus  characterizes  averaga/mean  liquid-water  content  in  certain 
section.  In  calculations  Pa  given  below  it  was  assumed/set  by  the 
egual  to  0.3  g/cm2. 

On  the  other  hand,  at  our  disposal  was  located  the  instrument  of 
Zaytsev  [6],  making  it  possible  to  directly  measure  the  values  of 
liquid-water  content  w3.  However,  the  liquid-water  content, 
determined  by  the  instrument  or  Zaytsev,  characteriz es  sections  ten 
times  less  than  the  liquid-water  content,  calculated  according  to 
data  of  SIO.  Therefore  to  taat  time  interval  at,  for  which  was 
determined  the  average/mean  intensity  of  the  increase  of  ice  on  SIO, 
sometimes  was  5  more  than  tne  measurements  of  liquid-water  content  by 
the  instrument  of  Zaytsev  of  wnicn  was  located  more  average/more  mean 
in  the  section  in  question  value  w3. 

The  results  of  comparison  w  ^  and  w3  are  given  in  table  11, 
where  in  the  1st  row  are  given  values  w3,  in  the  2nd  -  ®CH  ,  in  the 
3rd  -  number  of  measurements  a3,  from  which  was  determined  value  w3, 
in  the  4th  -  number  of  drops  according  to  which  was  located  rcp  ,  given 
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in  the  5th  row,  in  the  otn  -  derlection  of  some  values  of 
liquid- water  content  from  otnars  A  w  ®CMO  -  w.t  and  in  the  7th  - 
ratio  Aw/w,  in  percentages. 

It  should  be  pointed  out  tnat  values  r rp  ,  given  in  the  7th  row, 
are  not  sufficiently  representative,  since  they  are  based  on  a 
comparatively  lean  mic r cstructutal  material.  Meanwhile  for  obtaining 
more  or  less  reliable  information  about  r  p ,  as  was  mentioned  in 
chapter  II,  it  is  necessary  tnat  tne  measured  spectra  would  contain 
thousand  and  even  tens  ct  tnousands  of  drops.  The  errors  in 
determination  k>ch  ,  due  to  incorrect  determination  can  reach  tens 

of  percent. 

Pages  84-85. 

However,  in  spite  of  this,  tana  11  it  shows  that  the  deflections  Aw 
on  the  whole  do  not  exceeu  tne  values,  obtained  by  V.  Ye.  Minervin 
during  the  comparison  ci  airrareaz  instruments,  which  measure  the 
liquid-water  content.  Tne  presence  of  such  deflections  reflects, 
first  of  all,  the  special  icdture/peculiarity  of  the  vibrations  of 
liquid-water  content  in  clouds  ana  the  fact  that  the  liquid-water 
content,  measured  by  the  instrument  of  Zaytsev,  characterizes  the  tco 
small  volumes  of  cloud,  ten  times  it  is  less  than  the  volumes, 
characteristic  for  wCH0.  Tne  results  of  comparison  w3  and  u»CHO  testify 
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about  a  good  agreement  cx  tueory  wxth  experiment.  It  must  be  noted 
that  for  the  problea  of  icing  a  more  characteristic  value  is  w 
i. e.  tha  liquid- water  conteui,  wmch  characterizes  the  noticeably 
larger  sections  of  clouds,  man  w3. 

A  number  of  cases,  represented  in  table  11,  can  be  doubled,  if 
we  draw  the  results  of  measurements  in  the  absence  of  microstructural 
observations.  Taking  as  ror  tnese  latter  /• 
obtained  by  table  12. 


equal  to  5jj,  it  was 
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Table  11. 


^  !  a  i 

gK 

.IIIIHMH 

1956  r. 

.iipi-.lu  I07xi 

1  . 

in  :ni 

© 
pi- .in 

050  1 

Kpe'ci 

■ 

mm 

11.23-11,37. 

11.27-11.28 

Cl 

C4 

! 

<£ 

~r 

cO 

Cl 

7 

CO 

CN 

•T 

Cl 

CO 

Cl 

ro 

-r 

Cl 

I 

-r 

Cl 

Is 

CO 

7 

ro 

CO 

7 

CO 

7 

7 

CO 

1 

5 

/ 

7 

&'!  n  ,  n 

■B 

2 

3 

4 

5 

0 

7 

s 

9 

JO 

ii 

12 

13 

14 

O.(X) 

.0.02 

0,07 

0.03 

0,08 

0.2S 

0.33 

0,30 

0,47 

0.13 

0.04 

0.31 

0,20 

0,07 

0,13 

0.005 

0,04 

0,02 

0,11 

0,28 

0.37 

0.23 

0,38 

0, 1  1 

0  01 

0,10 

0,17 

0,0! 

1 

2 

1 

3 

3 

4 

3 

!) 

5 

1) 

l 

1 

3 

3 

n 

- 

110 

120-1 

— 

307 

1119 

1315 

2502 

023 

101 

111 

loio 

002 

102 
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Key:  (1)  Date;  (2)  8  April  1956;  (3)  Root-mean-square  deviation; 

(9)  Time;  (5)  No.  in  sequence. 
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Key:  (1)  Date;  (2)  8  April  1956;  (3)  Root-mean-square  deviation; 

(4)  Time,  (5)  No.  in  sequence. 
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Pages  86-87. 

Here  root-mean-sguare  deviation  w3  f roi  .  . MO  increased 
approximately/exemplar ily  one  ana  a  half  times;  however,  also  in  this 
case  of  disagreement  w3  and  wx  „  Dear  gualitatively  and 
guantitatively  the  same  cnaracter,  as  the  vibration  of  the 
instantaneous1  values  cr  liguxa-water  content  of  the  relatively 
averaged  value,  indicated  u y  V.  te.  flinervin. 

FOOTNOTE  l.  By  "instantaneous"  we  understand  the  values  of 
liguid-water  content,  obtained  by  the  instrument  of  Zaytsev  and  the 
drop-forming  water  whicn  cnaracterize  the  content  in  volume  on  the 
order  of  10-20  1.  However,  values  ®CH0  characterize  volumes  thousands 
times  large.  ENDFOOTNOTt. 

Finally,  in  these  expeditions  1955-1956  were  checked  other 
theoretical  calculations,  presented  in  chapter  II  and  the 
characterizing  interconnection  iciug  intensities  of  standard  -  (SIO) , 
template-indicator  and  the  plane  or  the  aircraft  of  11-14.  The 
thickness  of  grown  ice  on  piane  was  determined  from  the  graduated 
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dowel,  f astened/strengtbeuea  in  the  middle  of  the  wing  where  the 
chord  of  section  was  equal  to  J10  cm.  Readings  were  conducted  with 
the  aid  of  binoculars,  witn  an  accuracy  to  2-3  mo.  So  that  this  low 
accuracy  of  reading  would  not  lead  to  significant  errors,  was 
constructed  the  time/temporary  yraph/curve  cf  the  increase  of  ice  on 
plane  and  SIO,  after  which  tae  intensity  of  the  increase  of  ice  was 
determined  from  the  slope  tangent  of  straight  lines,  levelling  off 
broken  lines  in  the  time  intervals  of  order  of  tens  of  minutes.  The 
results  of  a  similar  processing  ace  given  in  Table  13.  The  first 
three  columns  are  related  to  materials  1955,  the  others  -  to  1956.  If 
we  reject/throw  the  case  ot  16  December  1955,  which  we  will  examine 
separately,  than  it  is  evident  tuat  virtually  relation  /„//,  is 
changed  in  the  very  small  limits;  rrom  2.6  to  3.3,  differing  from 
average/mean  value  of  3.0  not  more  than  for  13o/o.  The  obtained 
results  confirmed  the  theoretical  calculations,  made  in  chapter  II 
(Fig.  14).  As  can  be  seen  irom  fig.  14  according  to  theory  this 
relation  must  be  changed  from  <i.75  to  3.25  with  rate  change  from  50 
m/s  (180  km/h)  to  100  m/s  (JOO  itm/h)  and  mean  radii  of  drops  r  p  from 
3.5  to  10  In  this  case  tne  most  probable  values  (with  «30'=7 0  m/s 

and  rCi,“4-5n)  relation  /„//,  are  equal  to  3.1. 

The  insignificant  understating  of  relation  -h-  in  comparison 

*4 

with  theory  is  completely  regular,  since  on  the  average  the 
coefficient  of  freezing  in  end  connections  of  the  profile/airfoil  is 
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less  than  in  SIO  (see  Chapter  ill)  . 

Table  13  shows  that  relation  according  to  theory,  does  cot 

depend  on  liquid-water  content  and  icing  intensity  -  latter,  as  can 
be  seen  from  table,  they  were  cnanged  sometimes  more  than  5  tines. 

In  flight  on  16  December  on  1955  anomalous  deflection  from 

average/mean  value  can  ne  explained  by  the  specific  character  of  the 
increase  of  ice.  In  this  riignt  tne  icing  was  most  intense  of  those 
all  occurred  into  1955-1900.  icing  intensity  /,  reached  to  0.65 
mm/min.  And  despite  the  fact  tnat  the  temperature  on  stand 
thermometer  was  -5,  -6°,  rne  coetncient  of  freezing  on  plane 
was,  apparently,  less  tnau  unity,  furthermore,  on  receiving  cylinder 
grew  transparent  and  very  uneven  ice  (Pig.  21),  thanks  to  which 
"linear"  icing  intensity  in  mm/ain  artificially  was  overstated,  due 
to  incomplete  filling  volume.  Tne  iact  is  that  the 

protuberances/prominences  or  ice  increase  mere  rapidly  because  they 
take  away/gather  the  water,  luteucled  for  filling  of  adjacent 
indentations.  This  artinciai  overestimate  cf  "linear"  icing 
intensity  it  would  be  possible  to  formally  consider,  introducing  the 
effective  density  of  ice  p,  •  doeever,  this  formal  account  does  not 
give  practical  results,  since  p« »  nevertheless  remains  the  value  of 
unknown.  The  appearance  ct  grown  ice  of  the  type,  given  in  Fig.  21, 
gives  grounds  to  assume  tnat  p«  is  less  than  unity  by  tens  of 
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percent,  that  already  one  can  completely  explain  examined  above 
anomalous  value  /„  /,  =2,4. 

Summing  up  that  presentee,  it  is  possible  to  say  that  virtually 
with  an  accuracy  to  15c/c  conversion  factor  from  the  icing  intensity, 
recorded  by  SIO  to  the  icing  intensity  of  plane  in  its  central 
section  (with  chord  of  m J ,  retain  constant  value  equal  to  3.0. 

This  fact,  found  tneoreticaiiy  and  confirmed  it  is  experimental, 
it  made  it  possible  to  draw  conclusion  [  19,  20]  about  the 
advisability  of  instrumentation  or  SIO  to  scheduled  flights  for  the 
collection  of  the  objective  statistical  data  and  timely  information 
of  pilot  about  the  thicuness  or  grown  ice  on  the  plane  of  aircraft. 
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The  fact  that  sometimes  representations  obtained  thus  about  the 
thickness  of  grown  ice  cn  plane  will  prove  to  be  erroneously  high,  is 
not  obstruction  to  the  made  recommendation,  since  under  such 
conditions  ice  on  plane  nas  specific  channel-shaped  form  and  it  is 
more  dangerous  than  the  smoota  outgrowth  of  ice.  Therefore  the 
artificial  overestimate  or  real  rate  of  icing  seemingly  compensates 
the  increasing  danger  due  to  tne  specificity  of  form. 

Since  many  previous  worxs  were  based  on  observations  of  icing 
with  the  aid  of  flight  aerologist's  template-indicator,  it  was 
represented  by  advisable  to  examine  connection/communication  of 
degree  and  intensity  of  tne  increase  of  ice  on  template/pattern  with 
the  appropriate  characteristics  ou  plane  and  SIO.  The  results  of  this 
comparison  can  be  illustrated  ny  tne  3rd  and  4th  rows  tables  13,  from 
which  it  appears,  that  the  ratio  or  intensities  of  ice  formation  on 
plana  to  the  appropriate  intensity  on  template/pattern  /„//„, 
oscillates  in  the  wider  limits  (alter  being  deflected  ®20-25o/o) 
about  certain  average/mean  value,  equal  to  *0.4.  Accurately  also  in 
large  limits  it  oscillates  and  /.„'/Cmi>  varying 

approximately/exemplariiy  from  o. 2  to  8.5.  These  numerals  correspond 
according  to  vibration  theory  in  r  in  clouds 

approximately/exemplarily  iron  J  to  6.5  p,  which  will  be  in  complete 
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agreement  with  our  nic rcstructurai  investigations. 

The  given  above  data  and  corresponding  reasonings  are  related  to 
aircraft  lk-14.  On  it  was  unfortunately  today  for  us  possible  to 
conduct  similar  investigations  cn  an  aircraft  of  the  type  LI-2; 
however,  the  agreement  ci  tn«or y  with  the  experiments.  Bade  on  the 
aircraft  of  li-14  gives  grounds  to  assume  that  and  for  LI-2  it  is 
possible  to  use  the  results  of  tne  theoretical  calculations.  Bade  in 
chapter  II. 
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Chapter  V. 

ICING  OF  HIGH-SPEED  AIRCKAFX. 

1.  Features  of  icing  at  hiyti  velocities  of  flight. 

Violent  aeronautical  development  in  recent  decade  led  to  the 
fact  that  jet-propulsion  tecnnoloyy  began  to  acquire  ever  increasing 
weight  both  in  the  serviceman  ana  in  civil  air  fleet.  Logical 
therefore  to  examine,  what  special  features/peculiarities  introduces 
into  the  problem  of  icing  hiyn-speed/ve locity  aviation.  For  this  let 
us  return  to  the  f undamentai  principles,  which  characterizes  the 
intensity  of  the  icing 

/  =  v  «■'  C.’.2)  • 

•  '  m 

For  rates  u  <  ioo  m/s  already  at  temperatures  of  lower  than  -5° 
basic  difficulty  in  the  use/application  of  equation  (2.2)  presents 
the  determination  of  the  inteyral  coefficient  of  capture  E, , 
coefficient  p  differs  little  rtoa  unity.  With  an  increase  in  the 
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velocity  coefficient  £,  increases,  approaching  in  the  spout  of 
profile/airfoil  the  specific  limiting  value  which  easily  is  located 
with  the  known  form  of  proiile/aicroil .  At  the  same  time  decreases 
the  coefficient  of  freezing  p,  Becoming  actually  important  value  in 
eguation  (2.2),  to  be  determined. 


Therefore  in  present  chapter  to  more  advisably  begin 
investigation  not  with  examination  E,  as  this  was  earlier,  but  from 
examination  0. 


In  chapter  III  was  stuuieu  Ue  heat  balance  on  the  surface  of 
the  moving/driving  body  and  according  to  relationship/ratio  (3.18) 
was  constructed  the  nomogram  or  Fig.  17,  which  makes  it  possible  to 
calculate  the  temperature  or  tne  icing  up  surface  in  dependence  on 
the  flight  speed  and  temperature  or  the  undisturbed  flow.  In  this 
same  chapter  it  is  incidentally  snown  about  the  validity  of  the  used 
intermediate  relationships/! atios  and  for  high  speeds.  Let  us  note 
that  the  validity  of  a  similar  arr irmation  follows  also  of  the 
monograph  "Contemporary  state  of  nigh-speed  aerodynamics"  edited  by 
Khauert  [2],  Vol.  1,  chapter  X. 


Let  us  return  to  Fig.  17.  ret  us  recall  that  in  the  calculations 
on  the  basis  of  which  is  made  nomogram  given  on  this  figure,  it  was 
assumed  that  water  content  oi  clouus  w  was  equal  to  that  value  u\  . 
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which  exactly  compensates  evaporation. 


Page  90. 


It  is  clear  that  if  ,  tnen  icing  will  net  be.  But  if  w  >  w,  ,  then, 

in  order  from  this  same  nomogram  to  find  (s  -  it  is  necessary  to 
replace  real  flight  speed  “  .  by  that  given  equal  to 


(  2  ttp  E  U"  f  +  to  —  ts)  (if  —  w, I 


H 


The  examined  nomogram  (Fig.  17)  gives  the  possibility  for  each 
value  of  recovery  factor  r  to  construct  the  curve  of  the  dependence 
of  the  temperature  of  airtlow  t0  on  speed  at  which  <  ,v  turns  into 

zero.  Such  curves  are  represented  in  Fig.  28  for  different  recovery 
factors  r.  The  limits  ct  cnange  r  are  accepted  equal  to  1.0-0. 7, 
since  according  to  the  xnown  aata  of  value  r  at  any  point  of  aircraft 
profile/airfoil  they  art  included  precisely  within  these  limits.  If 
necessary  to  easily  construct  analogous  curves  and  for  smaller  values 
of  r. 


It  is  obvious  that  ir  witn  assigned  r  and  u<r  the  temperature  of 
air  is  higher  than  found  irom  tig.  28,  the  icing  is  impossible, 
moreover,  icing  it  can  not  oe,  also,  at  lower  temperatures,  if  water 
content  of  clouds  w  <w,.  From  Fig.  28  it  is  clear  that  at  supersonic 
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speeds,  for  example  340  m/s,  and  to  the  temperature  of  air  of  -30°, 
an  icing  must  not  have  tae  place  at  one  point  of  profile/airfoil.  At 
the  same  points  where  r;>0.  9,  icing  cannot  be  even  with  to=-40°. 

One  of  features  of  tne  icxng  of  high-speea  aircraft  consists  in 
the  fact  that  at  high  velocities  or  flight  theoretically  is 
completely  feasible  another  mechanism  of  icing,  different  from  that 
examined  earlier,  that  rccomes  apparent  even  during  flights  in  ice 

ft 

clouds.  <as  is  known,  recovery  ractor  r  does  not  remain  constant  along 
the  enclosure  of  wing,  cut  it  decreases  in  proportion  to 
removal/distance  from  end  connections  from  i=1  to  rs0.7.  This 
distribution  r  leads  to  analogous  distribution  and  the  temperature  of 
the  wing  surface,  i. e.  ,  temperature  is  reduced  in  proportion  to 
removal/distance  from  end  conuections  of  the  profile/airfoil.  Under 
specific  conditions  the  temperature  of  end  connections  of  the  wing 
can  prove  to  be  higher  tnau  d°,  out  it  is  further,  being  reduced,  it 
can  become  negative,  i.e.,  tne  zero  isotherm  will  pass  somewhere 
along  profile/airfoil,  inus,  oven  when  flight  occurs  in  ice  clouds, 
is  possible  aircraft  icing,  since  the  crystalline  particles  of  ice, 
which  deposit  on  frontal  arrerart  component  where  temperature  fs>0°, 
they  can  have  time  to  melt,  and  tnen  to  be  referred  by  the  flew  in 
the  region  of  minus  temperatures  wher®  the  water  is  crystallized 


anew 
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Fig.  28. 
moistened 
of  air  tD 


Dependence  of  tne  t ligat  speed  uoo.  temperature  of  the 
surface  necessary  lor  elevation  to  0°,  on  the  temperature 
with  different,  recovery  ractors  r. 


Key:  (1)  .  s. 


Page  91. 


The  temperature  distribution  indicated  along  wing  can  in  principle 
lead  to  +he  increase  of  ice  or  tne  whimsical  form  when  ice  is  formed 
at  certain  distance  from  frontal  surface.  This  form  of  ice  is 
especially  dangerous,  s^nce  it  extiemely  manes  aerodynamic  aircraft 
quality/fineness  ratios  worse.  Similar  icing  was  noted  in  the 
literature  [9,  23].  In  1.  0 .  Pcneiro's  report  [23]  are  described 
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several  such  cases,  which  occurreu  at  speeds  800-850  km/h  and  600-700 
km/h. 

With  known  distributions  or  recovery  factor  r  along  wing  profile 
it  is  possible  to  determine  those  conditions,  under  which  it  occurs 
icing  of  the  type  examined  above  and  at  what  distance  from  the  spout 
of  profile/airfoil  passes  tne  zero  isotherm. 

The  calculation  procedure  is  such. 

On  assigned  flight  speed  u ^  and  known  r  in  spout  (usually  =1) 
is  found  that  temperature  of  air  tt  (from  Fig.  28),  with  which  the 
temperature  of  wing  in  spout  is  e^aal  to  0°.  If  the  real  temperature 
of  air  t0<tt,  the  examined  mechanism  of  icing  it  is  impossible.  If 
t0>t,,  then  find  similar  ij  (from  the  same  Fig.  28),  with  which  the 
temperature  of  surface  is  egual  to  zero.  If  the  distribution  r 
according  to  prof ila/airioil  is  such,  that  in  certain  place  r=rl# 
then  the  examined  mechanism  or  icing  can  occur.  Line  r=r(  is  the  line 
of  the  zero  isotherm  and  separates  the  frontal  region  of  wing  with 
the  positive  temperature  on  wmen  the  icing  does  not  originate  from 
the  region  of  wing  with  minus  temperature,  where  can  occur  the 
increase  of  ice.  From  tneoretical  calculations  it  is  known  that  for 
some  wing  prof iles/airf ciis  r  snacply  it  falls  from  1  at  the  critical 
point  to  0.75  at  a  distance  or  .“50.1  airfoil  chord.  Further  r  is 
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changed  insignificantly,  completing  snail  vibrations  about  the  curve, 
which  is  reduced  approximately/exeinplarily  to  0.72  at  the  end  of  the 
profile/airfoil.  In  this  case,  cue  appearance  of  the  zero  isotherm 
and  the  mechanism  of  icing1  noted  above  can  take  place,  as  is  evident 
from  Fig.  ^J#at  flights  in  a  Velocity  of  200  m/s  (720  km/h)  and 
temperature  of  air  from  -9  to  -  1^**,  at  flights  in  a  velocity  of  250 
m/s  and  temperature  of  air  non  -15  to  -21°,  at  flights  in  a  velocity 
of  300  m/s  and  temperature  irom  -2-i  to  -33°,  at  the  speed  of  340  m/s 
(M >  1)  from  -31  to  -45°  finally  at  the  speed  of  370  m/s  at  temperature 
of  lower  than  -39°. 

FOOTNOTE  >.  Conditions  presented  oelow  are  necessary,  but  they  are 
insufficient  for  similar  icing,  since  it  is  completely  probable  that 
with  not  too  large  liguid-water  contents,  tne  evaporation  from  the 
overheated  surface  of  aircraft  will  exceed  wetting  due  to  collision 
with  Cloud  drops.  ENDFGtTNOTE. 

From  the  examination  or  tne  mechanism  of  icing,  which  leads  to 
so  dangerous  a  form  of  ice  accumulation  cn  the  planes  of  high-speed 
aircraft,  it  is  possible  to  draw  an  important  quantitative 
conclusion.  From  Fig.  2d  and  values  of  speed  and  temperature 
corrected  above,  with  wnica  is  possible  the  icing  of  the  form  in 
question,  it  follows  that  an  increase  in  the  velocity  of  flight  on 
30-40  m/s  must  ensure  tne  destruction  of  conditions  favorable  for 
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similar  icing  and  the  cessation  01  further  increase  of  ice.  This 
"speed  maneuver"  in  the  sanes/row  of  cases  completely  attain  for 
contemporary  aircraft  can  prove  to  be  the  effective  means  of  deicing 
of  aircraft  at  ♦he  high  subsonic  speeds  of  flight.  The  absence  at  our 
disposal  of  experimental  data  does  not  make  it  possible, 
unfortunately,  to  check  tae  expressed  considerations. 

In  connection  with  tne  possibility  of  the  supplementary 
mechanism  of  the  icing  cr  mgn-speed  aircraft,  a  question  about  the 
coefficient  of  freezing  acquires  qualitatively  another  character. 

Page  92. 

The  fact  is  that  at  sucn  nigh  s peeus  the  portion  of  the  heat,  which 
is  isolated  with  the  freezing  or  drops,  plays  already  small  role  in 
comparison  with  kinetic  heating,  and  the  derived  speed  l,„  differs 
little  from  flight  speed  u- c.  in  tins  case  the  temperature  of  surface 
corresponds  to  that  found  rroa  Fig.  17  and  if  ts  <  0,  then  the 
coefficient  of  freezing  0  is  determined  by  formula  (3.14),  indicated 
in  chapter  III,  i.e.,  .  Consequently,  for  determination  p  it 

is  necessary,  first  of  all,  to  determine  w,.  that  corresponds  to 
obtained  temperature  • 

As  it  was  shown  in  chapter  ill,  o',  it  is  expressed  by  equation 
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For  determination  Kt(ts,t„,Pt)  in  chapter  III  was  constructed  a 
comparatively  simple  nomogram  (Fig.  18)  .  k  question  of  the 
determination  of  heat- transfer  coefficient  a  was  also  examined  in 
chapter  III.  He  will  be  res tire tea  here  only  to  repetition,  that  all 
known  to  us  data  attest  to  the  ract  that  a  virtually  oscillates  in 
the  limits  of  10“2-10“3  cai/cm*  s°C. 


The  absence  of  precise  ini  urination  about  coefficient  a  does  not 
give  the  possibility  tc  ixnd  precise  values  under  varied 
conditions.  However,  it  is  possible  that  at  sufficiently  high  flight 
velocities  overheating  the  surface  of  aircraft  can  prove  to  be 
so/such  considerable  whicn  quantity  of  cloud  moisture  depositing  on 
this  surface  will  be  is  knowiugiy  insufficiently  for  the  compensation 
evaporation  from  it.  Is  in  otner  words  possible  such  situation  when 
»<».  and  in  this  case,  naturally,  icing  will  not  be  even  during 
flights  in  the  such  strongly  supercooled  clouds  when  the  temperature 
of  the  surface  of  aircraft  remains  negative. 


If  in  this  case  it  is  possible  to  rate/estimate  value  wt  to 
from  below  and  show,  that  tnis  value  u»(  ml„  more  than  the  encountered 
values  of  water  content  of  clouds  w,  this  will  mean  that  the  icing  is 
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impossible. 

In  order  to  rate/estimate  front  below  the  real  values  of 
liquid-water  content  u>, ,  necessary  ror  the  compensation  for  surface 
evaporation  of  aircraft,  it  follows,  as  is  evident  from  (3.21),  to 
rate/estimate  from  below  value  a  and  K3  and  cn  top  -  value  £, 

Thus,  the  Knowledge  or  value  £,.  is  very  important  for  evaluating 
the  real  possibilities  01  icing  in  flight  with  high  speeds. 

Before  con verting/transramng  to  estimate  of  the  magnitude 
let  us  pause  separately  at  tne  calculation  of  the  coefficients  of 
capture  E  at  the  supersonic  fligat  speeds  whose  Knowledge  is 
necessary  during  the  study  of  tne  integral  coefficients  of  capture 


2.  Calculation  of  the  coefficients  of  capture  at  supersonic  flight 
speeds. 

The  prof iles/airf oils  of  wings  of  high-speed  aircraft  differ 
significantly  from  the  proiiles/airf oils ,  used  in  subsonic  aircraft. 
The  greatest  thickness  of  tnese  prof iles/airf oils  is  given  to  the 
middle:  rhoabiform  or  biconvex  proriles.  In  present  section  we  will 
examine  the  trajectories  or  drops  about  rhomboid  profiles/airfoils. 
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In  connection  with  the  tact  tnat  is  examined  the  supersonic  flow, 
double  wedge  airfoil  can  o e  replaced  with  wedge  (Fig.  29) ,  since  the 
character  of  the  flow  around  end  connections  in  this  case  does  not 
affect  the  form  of  the  rear  naif  profile/airfoil. 

The  task  of  determining  tne  trajectories  of  drops,  which  deposit 
on  the  wedge,  which  moves  witn  toe  supersonic  speed,  mathematically 
considerably  simpler  than  tne  analogous  task  at  subsonic  speeds  can 
be  led  to  the  complete  analytical  solution. 

Let  us  dismantle/select  tms  task  in  more  detail. 

Infinite  wedge  witn  an  angle  at  apex/vertex  26  moves  in  with 
zero  angle  of  attack  witn  a  certain  speed  of  v0 ,  such,  that  M„>1.  We 
investigate  such  motion  waen  in  tne  apex/vertex  of  wedge  is  formed 
the  attached  shock  wave,  directed  at  angle  «  toward  the  axis  of  the 
symmetry  of  wedge.  To  suoc*  wave  (upstream)  the  air  is  not  disturbed, 
and  drops  move  rectilinearly  witn  constant  velocity  v0.  Behind  shock 
wave  (downstream)  the  parameters  or  flow  (temperature,  pressure, 
density  and  speed  of  its  motion)  are  changed,  due  to  which  they  are 


1 
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#1 


curved  and  trajectory  or  drops. 


Before  converting/trausrerring  directly  to  the  trajectory 
calculations  of  drops,  it  is  necessary  to  mean  the  shock-wave  angle 
and  the  character  of  a  cnange  in  parameters  and  speed  of  flow  upon 
transfer  through  this  oblique  snoc*.  The  theory  of  this  question  is 
well  known  [2,  30].  For  example,  on  the  nomogram  available  in  [30] 
(page  432,  Fig.  336),  possiule  mowing  N0  and  6  »,  to  find  e  and  H , . 


FOOTNOTE  1 .  Here  and  througnout  inuex  0  corresponds  to  the 
undisturbed  flow  (upstream)  ,  nut  index  1  -  to  disturbed  flow 
(downstream  from  the  jump  or  deviation) .  ENDFCOTNOTE. 


However,  knowing  ®.  on  product  a0*sin  s.  from  Fig.  30  (constructed 
according  to  the  table,  given  in  £2]  on  page  121),  it  is  possible  to 
find  ratios  p^Po*  pi/po  anu  i'l/l'o* 

After  supplementing  tne  indicated  graphs/curves  by  known 

M,  = 

relationships/ratios  M»  —  ,~lrr  and  *  1fir>  '  where  for  air 

r  7  K  '» 

-[  —  cplrv.  1,4  2.8704-10°  cm*/s3deg  -  gas  constant,  we  have  complete 

possibility  sufficiently  simply  from  the  known  values  of  P„,  p„»  T0 
and  v0  to  find  Pt,  p,,  and  vt. 


Thus,  task  lias  in  the  fact  tnat  to  find  the  trajectory  of  the 


I 


4 


motion  of  the  drop  of  tne  assigned  radius  r,  which  flows  around 
together  with  airflow  aoout  the  ueuge  with  apex  angle  26.  The 
direction  of  the  motion  or  weuge  coincides  with  its  bisector  (zero 
angle  of  attack) . 
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Fig.  29.  The  schematic  of  tne  flow  around  wedge  of  the  supersonic 
flow  of  the  aerosol  (solid  lines  snowed  the  trajectories  of  air 
particles,  dash  -  tra jectories  cx  urop) . 

Page  94. 

flotion  occurs  with  attacned  shock,  wave.  The  parameters  of  air  are 
upstream  known  -  temperature  T0=t^*273,  pressure  P0 ,  density  p0. 

Speed  of  flow  to  shock  wave  vQ.  On  the  basis  of  these  data,  as  it  was 
shown  above,  are  located  values  &  and  parameters  of  air  Pj,  p,,  T, 
and  the  speed  of  its  motion  Vj  downstream. 

For  the  first  time  tais  tasK  was  sufficiently  clearly  formulated 
also  by  Traybus  and  Giber  [24j,  wmch  brought  its  solution  to 
numerical  results  for  a  seiios/row  of  the  cases.  tost  completely  it 
was  solved  by  Serafin  [75],  for  wmch  it  was  possible  to  obtain  the 
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trajectories  of  drops  in  parametric  fora.  The  basic  ideas  of  Serafia 
are  used  in  the  solution  or  stated  problem  given  below. 

The  assumptions,  piaccQ  as  tne  basis  of  the  solution,  remain  the 
same  as  and  in  Serafin,  namely: 

1.  The  water  droplets  are  always  spherical  and  do  not  change 
size/dimension. 

2.  Gravitational  force  can  oe  disregarded/neglected. 

3.  Air  resistance  tc  motion  or  drop  they  are  resistance  of 
viscous  fluid. 

4.  Imbalance  of  forces,  wmcn  act  on  drop  from  the  moment  of  its 
incidence/impingement  into  snoc*  wave  and  to  output  from  it,  can  be 
disregarded/neglected  during  trajectory  calculation. 

The  first  three  assumptions  coincide  with  analogous  assumptions 

t 

during  the  solution  of  the  tas*s  or  flow  with  low  speeds  (chapter  1) . 

Disregarding  the  imoaiance  or  forces  (point/item  4)  does  not 
cause  doubt,  since  the  thickness  or  shock  wave  is  equal  to  several 

Man  paths  of  molecules  of  air  and  is  of  the  order  of  25  O'*  mm  [30], 
so  that  drop  was  under  the  street  of  these  forces  of  less  than  10~* 


3. 
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Fig.  30. 

Page  95. 


Thus,  to  point  A  (fig.  29)  arop  moves  rectilinearly  together 

with  flow.  At  the  moment  of  output  from  shock  wave  the  drop  has 

entire  the  same  speed  wmle  flow  already  has  another  speed,  egua 

to  vlf  i.e. ,  the  speed  cr  potash  with  respect  to  flow  is  equal  to 
->  — >  — > 

u0=v0-v1.  Consequently,  tne  tas*  of  the  determination  of  the 
trajectory  of  drop  is  reduced  to  tne  determination  of  its  motion  in 
still  air  with  an  initial  velocity  of  u0=jv*J,-v,^  Thus,  the  system  of 
differential  equations,  wmcn  is  determining  the  trajectory  of  the 
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loimula  1.6)  actually 
relative  to  the  flew 


is 


replaced 


by  one 


d  u  ~ 

mTt  F, 


(5.1) 


where  m=4/3*rr3p  -  mass  or  atop,  u  -  speed  of  the  motion  of  drop 

relative  to  flow,  F  =  6irrpl»u  ( 1  +  o.  1 /he2  3)  -  the  resisting  force,  acting 
on  drop  (chapter  I,  formula  1.<+). 


The  equation  of  motion  oi  arop  considerably  is  simplified,  if  we 
introduce  the  dimensionless  coordinates  where  as  the  unit  of  path  x0 
is  accepted  the  stopping  distance  of  the  drop  of  the  given  radius  r, 
which  obeys  the  law  of  Stoa.es,  i. X,  = 2  g’-p- p,,  for  time  unit  r0  - 
transit  time  of  this  patn  at  tne  speed  of  motion  u0,  i.e.,  t# ip*p. 
for  the  unit  of  speed  -  speed  u0.  during  the  introduction  of  the 
dimensionless  quantities  inuicatea  the  equation  of  motion  of  drop 
depends  only  on  one  dimeusionisss  parameter  B  *  and  tak.es  the 
comparatively  simple  form 


with  the  initial  conditions 


c  (0)  ~  0,  C'(0)  =  1. 


(5.3) 


P00TN0TE  *.  Parameter  E  cuatactonzes  the  degree  of  deviation  of  the 
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force  of  viscosity  F  from  mat  expressed  by  Stokes'  law  force  F0, 
i. s.,  B=F-P0/F0  and,  as  snuwn  ia  cnapter  I,  B=0.17REo3^,  where 
Re  0  =  2u0r /  .  ENDFOOTNOTE. 

Applying  consecuti veiy/ser  laxly  substitutions  f^]^  =  x  and 
e1**  —  z  equations  (5.2)  cau  oe  integrated  to  end/lead.  The  solution 
of  equation  (5.2)  taking  into  account  initial  conditions  (5.3)  takes 
in  this  case  the  form 


C  -= - 4 - |ctg  <pu  -  ctg  9  -  (<?  -  ?,,)]. 

B- 

where 

<Po  -arctg-k, 

V  B 


(5.4) 


Page  96. 


The  maximum  path,  wnxen  parses  the  drop,  i.e.,  #1.  exists 


Let  us  incidentally  note  tnat,  as  one  would  expect,  with  B— >0, 


The  selected  system  or  dimensionless  coordinates  5  and  r  is  very 

V 

convenient.  The  trajectory  or  drop  in  this  system  S  (r)  depends  only 
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on  one  parameter  B  and  it  sufncieutly  easily  yields  calculations 
whose  results  are  represented  in  Fig.  31.  in  Fig.  31  along  the  axis 
of  abscissas  is  deposited/postponea  dimensionless  time  t,  along  the 
axis  of  ordinates  -  the  covereu  path  £  are  plctted/applied  the 
corresponding  curves  of  tue  dependence  £  on  r  for  the  different 
values  of  B. 

Let  us  return  to  Fig.  29  ana  will  note  that  -  this  is  the 
maximum  distance  which  drop  can  pass  in  the  direction  perpendicular 
to  the  surface  of  shock  wave.  Consequently,  if  we  conduct  normal  to 
shock  wave  and  at  a  distance  from  the  surface  of  wedge  on  this 
standard  to  conduct  the  straijht/direct ,  parallel  surfaces  of  wedge, 
then  the  intersection  witn  the  constructed  straight  line  with  oblique 
shock  wave  (point  A',  in  Fig.  29)  will  be  critical  point.  But  the 
drops,  which  passed  the  ooxigue  suock  between  the  apex/vertex  and 
point  A',  will  settle  on  intimte  wedge,  drop,  that  passed  the  jump 
higher  than  point  A1,  they  will  pass  past  wedge. 

From  Fig.  29  it  is  easy  to  see  that  OA  '  =;  •  ctg  (e  - 

Thus,  the  wedge  of  iminita  size/diraensicn  recovers  only  the 

•  sin  • 

finite  number  of  drops,  aetermiued  by  impact  parameter  V tg(t rrij  > 
i.e.,  a  complete  coefficient  or  tue  capture  of  the  wedge  of  infinite 


size  it  is  equal  to  zero,  however,  the  local  coefficient  of  capture 
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does  not  depend  on  the  overall  sizes  of  wedge,  bat  it  depends  only  on 
distance  from  spout  and  aecreases  in  proportion  to  removal/distance 
from  it  to  zero  at  infinity.  Let  us  note  that  during  motion  with 
subsonic  speeds  the  complete  coeiticient  of  capture  as  decreases  in 
proportion  to  the  increase  in  tne  sizes/ditnensiens  of  body  and 
becomes  equal  to  zero,  wnea  tne  size/dimension  of  body 


C  >  C,v  - 


«P 
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coefficient  capture  of  tne  wedge  or  finite  length.  For  this  let  us 
turn  to  scheaatic  Fig.  29.  The  local  coefficient  of  capture  at  point 
P  is  equal  to 


Ha  -  lim 
AS-* 


0 


it,  _  dS 
i  5  dt  ‘ 


If  we  through  5  designate  tne  path,  passable  by  drop  along  the 
normal  to  shock  wave,  ana  tnrougn  r  -  time,  calculated  from  the 
moment/torque  of  the  passage  of  tms  wave,  then  it  is  not  difficult 
to  show  that 


dS 


(«-S) 


sin 


From  other  side  rftj  —  rfC  ■  ctg(e  —  *)sme;  thus,  the  local  coefficient  of 
capture  it  is  equal  tc 


F.a  - 


d  C  d  C 

tia  «  cl*  («  —  »)  tin  «cot  (t  — ») 

I  rfC  .  v,  ~  WC  ,  ,  v,  ' 
stn(t  — T)<Te  ~5ti  *ln(«-8)  - 


(5.6) 


Substituting  in  equation  tne  value 

l 


rfC 

dt 


(5  7) 


obtained  by  differentiation  oi  equation  (5.4),  let  us  have 

cot  —  4)  sin  c 


E* 


(5.8) 


Further,  from  geometric  considerations  (Fig.  29) it  is  apparent  that 
v0/u0  CJ£± ;  by  substituting  tms  expression  in  formula  (5.8), 
finally  we  will  obtain 
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a**- 


■**v*[(|  +  f)**  -']  ’+ 


°i/«  <*)  +  *  ■ 


Hare 


, .  .  *i v  cos  e-sin  (e  —  t) 

"i  -  sin  5  cos<«  -  0),  <1,  - - -r± - L  , 


Page  98. 


Distance  S  from  the  apex/vartex  of  wedge  to  the  collision  point 
of  drop  with  wedge  so  can  ue  expressed  by  r: 


S  =  —  - -  +  t 

sin  <;  -  6)  T  Mu  ’ 


and  after  the  series/row  of  Simple  conversions  we  will  obtain 


where 


S  =  b,  {bt  - -arc  tg  |/^7 "t  -  ,  -  7sL«  W  ft4  x,  (5.10) 

K  h&x-w 


».  -  - r  . 

Zl  -  sin  (*  — 


b“.  =  -fo  +  ctg  ?0  -  arc  tg  4-  K  A, 


DOC  =  79116107 


PAG£ 


It  is  more  expedient  to  seaicii  for  the  dependence  of  the  local 
coefficient  of  capture  not  on  tne  parameter  t,  but  on  distance  of  S, 
measured  along  the  surface  or  wedge  from  the  spout  of 
profile/airfoil.  It  is  envious  that  equations  (5.9)  and  (5.10) 
together  represent  this  dependence  in  parametric  form.  However,  it 
would  be  the  more  convenient  to  connect  these  two  values  E„  and  S 
directly  in  one  equation.  Tne  series/row  of  algebraic  conversions 
makes  it  possible  to  be  treed  trom  the  intermediate  parameter  r. 
Equation  obtained  in  this  case  succeeds  in  solving  relative  to  S  and 
it  takes  the  form 


S  =  C,  +  C,  arc  tg  •A  +  -jp  4-  C,  ln[l  +  -4*).  (5.11) 

Here  Ct,  C2  and  C3  -  constants,  respectively  equal  to 

C,  =  -  C,  <?,  +  ctg*)  -  C,ln  (l  +  j) . 

r  — _ - _ 

B3/*. in  (.-4)  ' 

s*  2  con 

,  '  c*==yimF- 


i 
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Value  A  is  connected  with  tne  relationship/ratio 


Here 


Ct  =  sin  8  tg  * .  ctg  («  —  4). 


Page  99. 

Coefficients,  entering  equation  (5.11)  and  those  connecting  £a 
and  S,  depend  on  three  parameters  -  B,  6  and  6-  Angle  6,  i.e.,  wedge 
angle,  in  real  supersonic  aouuie  wedge  airfoils  is  changed  in  very 
insignificant  limits.  Sc,  a  cnange  in  the  thickness  ratio  of  double 
wedge  airfoil  from  3.5  to  bo/o  corresponds  to  change  6  from  2°00'  to 
2° 52' . 


The  angle  of  the  slope  of  oonque  shock  wave  s  oscillates  in 
limits  of  45-70°  with  a  cnange  lu  riach  number  of  the  undisturbed  flow 
from  (1=1.1  to  fl=1.5  and  of  the  airflow  angle  6  from  2  to  3°. 

Finally,  parameter  B  tne  range  of  chanqes  6  and  e  indicated 
at  real  temperatures  of  air  does  not  exceed  value  of  B=20  *. 

FOOTNOTE  *.  Approxiaately/exempiarily  to  these  values  of  B  correctly 
the  empirical  relationsnip/ratic  a  =  0. 17  Re3^3,  placed  as  the  basis  of 
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all  further  calculations.  bNbPOClNOTE. 


He  produced  detaileu  calculations  E,  in  dependence  on  S  at  the 
different  values  of  parameter  a  tor  two  values  6(2  and  3°)  and  three 
values  e  (95,  55  and  65°). 


The  results  of  calculations  are  represented  in  Pig.  32. 


In  the  case  of  executing  Stores'  law  (i.e.  with  B=0)  equations 
(5.8)  and  (5.0),  and  consequently  also  (5.11)  substantially  they  are 
simplified,  so,  equation  (5.11),  takes  the  form 


(5.12) 


Each  obtained  equation  (5. 12)  curves  are  boundary  in  Fig.  31,  where 
along  the  axis  of  abscissas  are  deposit ed/pcst poned  the  values  of 
distance  from  the  apex/vertex  or  wedge  S,  expressed  in  unity  2« 
and  along  the  axis  of  ordinates  -  value  E„  in  fractions  of  sin  6. 


FOOTNOTE:  the  stopping  distance  of  drop  \0,  expressed  in  unity  of  the 
significant  dimension  or  body  c,  i.e. ,  \0/C  coincides  with  that 
introduced  on  page  18  parameter  inertia  p,  i.e.,  p=X0/C.  ENDFOOTNOTE. 

This  selection  of  the  scale  or  the  coefficient  of  capture  E»  is 
determined  by  the  fact  that  maximum  value  Eh  —  E%,  attained  in  the 
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spout  of  wedge,  is  equal  to  siu  6.  Actually/really, 

E0  =  Em  I-  n  =  Htn  Em  —  sin 5. 

Thus,  E0=sin  6  and  depends  not  on  what  parameters,  except  the 
geometry  of  prof ile/air toil  itself,  i.e. ,  in  this  case  it  depends 
only  on  angle  6  at  apex/vertex.  rms  result  it  was  to  be  expected, 
also,  from  simple  physical  considerations,  since  in  the  spout  of  the 
trajectory  profile  of  drops  tney  remain  rectilinear  valid  the  lack  of 
disturbance  of  the  flow  beiorc  tue  wedge,  which  moves  with  supersonic 
speed . 


In  real  prof iles/airroils  directly  frontal  edge  has  certain 
rounding,  so  that  actual  value  EA  at  critical  point,  i.e.,  E0  is 
equal  to  one  and  greatly  sharply  it  falls  proportional  to  the  sine  of 
the  angle  between  tangent  to  pr onle/airf oil  and  direction  of 
undisturbed  flow.  Further,  at  the  constant  value  of  this  angle 
falls  according  to  equation  j5.  11). 

With  the  consideration  or  tuat  dismantled/selected  in  section  1 
of  the  present  chapter  or  tae  aecndnism  of  the  icing  of  high-speed 
aircraft,  frequently  so  is  not  essential  to  know  E, ,as  it  is 
important  to  know  the  average  coefficient  of  settling  for  an  entire 
surface  of  prof ile /air foil,  from  spout  to  the  point  in  question, 
since,  if  to  this  point  tae  temperature  of  surface  is  positive,  then 


because  of  the  possible  coux.se  of  the  fila  of  water  the  coefficient 
of  capture  is  automatically  avexayed. 
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Pig.  32.  Change  in  the  lccax  coaiiiCisnt  of  capture  i  ,  expressed  in 
portions  sin  6,  with  distance  tioi  the  apex/vertex  of  wedge, 
expressed  in  portions  X0  at  tue  aitferent  values  of  parameter  B.  6  - 
angle  between  direction  or  no w  aua  surface  of  wedge,  i  -  the  angle 
between  direction  of  flew  ana  shock  wave. 
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Page  102. 


Froii  Fig.  29  it  is  tviaenc  tnat  the  average  coefficient  of  the 
capture  of  surface  from  apex/vcicex  to  point  P,  i.e.,  £v  is  equal  to 


_  f,  C  Clu  (s  —  J)  sin  :  _  'V  Sill  S  COS  <i  -  «.)  : 

=  -t4  rz  -  —  -  -  COSfs  sin  3  — 

•>cp  6  6 


2  'in  & 


6'  ’ 


For  determining  the  ratio  r/o  it  is  possible  tc  use  formulas 
(5.9)  and  (5.9')  »  according  to  waich  with  the  given  one  r  is 
determined  f£*  and  then  (ca  Fig.  Jl),  knowing  EA ,  it  is  determined  by 

S. 


It  does  not  represent  iunuaaeutal  difficulties  to  construct  the 
diagrams  of  dependence  a  (r)  aau  it  is  direct  according  to  equation 
(5.  10)  . 


For  the  series/row  ct  practical  tasks  is  of  interest  the 
knowledge  of  that  rate,  witn  whicu  the  drops  hit  the  surface  of 
wedge.  Let  us  designate  normal  to  the  surface  of  wedge  the  component 
of  velocity  of  drop,  expiesseu  in  unity  u0  through  and  the 

tangential  -  by  '■  It  is  not  dirficult  to  see  that  in  this  case 

C±'  =  C'cos  (e  —  8), 

COS  6 

sin  6  1 


in  '  -  C'sin(s  —  S)  g 
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where  5*  -  rate  of  the  motion  of  drop  relative  to  air.  Dependence 
£'=d5/dr  on  S  can  be  found  iron  equations  (5.7)  and  (5.10), 
eliminating  of  them  the  -intermediate  parameter  r.  It  is  interesting 
to  note  that  in  this  case  the  equation,  which  connects  values  5'  and 
S,  can  be  written  completely  identically  with  equation  (5.11),  i.e., 
S  =  Ct  f*  Cjarc  tg  P-f-  ^  t  C,  In  (1  -j-  P*),  (5.13) 

Here  Ct,  C2  and  C3  the  same  as  in  equation  (5.11),  but 


/B(  cr 


Thus,  the  calculations,  carried  out  for  the  construction  of  Fig. 
32,  can  be  used  also  for  tue  determination  of 

connection/communication  or  £•  witu  S.  In  exactly  the  same  manner 
with  B=0 ,  equation  (5.13)  converts/transfers  in  equation  (5.14), 
analogous  (5.  1 2)  . 


-rO  + 


cos  e 
sin  l 


(5.14) 


where  is  analog  1/A*  in  equation  (5.12). 


Connection/communication  or  normal  component  of  the  impact 
velocity  of  the  drop  about  tne  surrace  of  wedge,  expressed  in  values 
u0,  with  distance  along  surrace  iron  the  apex/vertex  of  wedge  S, 
expressed  in  values  X0,  is  given  m  Fig.  33  for  the  same  conditions 
as  in  Fig.  32.  tangential  component  easily  can  be  found  on  normal 


r 
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from  the  relationshi  p/ratio 

tg(e-8,  f  ■ 

Page  103. 

Thus,  the  results  or  calculations,  led  to  the  appropriate 
graphs/curves  (Pig.  32  and  33),  give  the  possibility  to  determine  the 
local  coefficient  of  capture  and  tne  rate,  with  which  the  drop  is  hit 
against  any  point  of  the  surface  of  wedge  with  the  assigned  apex 
angle.  In  this  case  it  is  proposed  that  the  wedge  moves  in  cloud  with 
the  known  rate  v0,  which  exceeds  tne  speed  of  sound  so,  that  in  its 
apex/vertex  is  formed  tne  attached  shock  wave.  The  physical 
parameters  of  air  (P0,  tfl,  p0,  p0)  and  the  sizes/dimensions  of  drops 
must  be  known. 

For  an  example  let  us  uismautie/select  one  real  case. 

Wedge  with  angle  6=atc  tg  d.db  flies  at  the  altitude  of  of  5  km 
(Po  =  500)  at  velocity,  determined  oy  number  !10  =  1.2.  The  temperature  of 
air  is  equal  to  -30°.  Let  us  find  the  local  coefficient  of  capture 
£m  and  the  impact  velocity  of  tne  drop  of  a  radius  5p  about  the 
surface  of  wedge  at  a  distance  or  10  cm  from  apex/vertex. 

Let  us  find  the  parameters  or  disturbed  flow  and  the  angle  of 


oblique  shock  wave  *• 
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On  Fig.  336  in  [30J  we  rind  taat  with  6=2°52'  and  Mai=\,2;  «»64c 
and  H !  =  1 . 07.  Consequently,  M0$lne  =  1,168  and  through  Fig.  30  we  find 
Ti/Ta=1.11#  Pi/P o=1*29  ana  yt/e 0=1  •  ‘*2.  Fro®  relationship/ratio 
v—  Vr RT  we  find  v„  and  wt. 


Thus,  the  parameters  oi  tne  undisturbed  medium,  i.  e.  ,  to  oblique 


shock  (upstream)  ,  are 

f,-  -30“, 


T  —  243° 

/  n  —  ’  t  \ 

Pn  =  500  m6. 

1 

(5) 

.po=“  0,712  •  10-’ 

r  cm*, 

Af  —  1,2, 

(3) 

vt-  3,75  •  104  cm;  cck. 

g  /c  «  3  «  (3). 

cm/s, 

The  parameters  of  tne  aisturoed  medium,  i.e.,  after  shock 
(downstream)  ,  are 

r,  —  270°, 

ri  —  * 

p,  -710 

p,  -  0,914  •  r/CMs, 

Af,  —  1,07,  (jl 

v,  =  3,52.  I1 14  CM/Cew. 

,1,  =  1,705  •  nr*  I-/CM.  cck. 

Key:  (1).  g/c»3.  (2).  ci/s.  (3).  g/cm  s.  '  c  ■ 

Initial  relative  rate  of  arop  in  the  disturbed  medium 


V 
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w  --ii!LLt,  4.01  •  10*  cm/c^k. 

0  cos »  1 

Key:  (1)  .  cm/ s. 

Let  us  finally  find  parameters  Ro0  and  X0,  after  accepting  as 
significant  dimension  toe  distance  from  the  apex/vertex  of  wedge  (10 
cm)  ,  on  which  to  us  it  is  necessary  to  determine  value  f-., 

Re0-  -  2«.» 

’  l 

B  -  0,17 Re.,'*  •  1.3 
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Pig.  33.  Change  in  normal  component  of  impact  velocity  of  drop  about 
surface  of  wedge  'V1'  •  expressed  in  portions  difference  in  rates  of 
flow  before  and  after  shocx  wave  u0,  with  distance  from  apex/vertex 
of  wedge,  at  different  values  oi  parameter  B. 

4  a)  «-?•.  «  =  *i=5.rr;  »=2°, 

i=3,  t=I.V;e*)  ?,=3°.  t-.WA)  t—V,  *=f*.'  . 

Page  106. 

Distance  S  from  a pex/vertex,  equal  to  10  cm,  expressed  in  units 
\0,  i.e.,  S/X0  will  be  equal  10/1.305=7.67. 

Thus,  we  found  entire  necessary  and  sufficient  in  order  with  the 
aid  of  Fig.  32  and  33  to  rind  response/answer  to  the  question 
interesting  us.  on  the  casrs  or  Pig.  32  (b,  c,  e,  f)  we  compose  the 
table  of  14  values  £s/sm»  with  B=1.3  and  S=7.67. 

From  table  14  by  dual  interpolation  we  find  that  with  6=2°52’ 
and  e  —  64°,  Es  accepts  the  value  0.o75xsin5=0.00375. 

Analogously,  on  Fig.  33  (o,  c,  e,  f ) ,  we  compose  the  table  of 
the  values  of  normal  to  the  surcace  of  wedge  components  of  the  rate 
drop  at  the  moment  of  tne  snocx,  expressed  in  unity  u0.  with  6=2°52' 
and  «  =  64°  value  Qj/,  found  from  tanle  15  with  dual  interpolation,  is 
equal  to  0.037.  peripheral  component  of  velocity  of  drop  Cti '  is 
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respectively  equal  to 

•II '  x '  («  -  +  tSt  =  8,85‘ 

Finally,  expressing  ^  <  ana  in  dimensional  unity,  we  will 
obtain  that  normal  component  or  the  rate  of  drop  «,x=148  a/s,  and  is 
tangential  «*n  =  3,55  ■  I04  cm/s. 

For  a  coaparison  let  us  uau  values  E„,  uk  ±  and  »*n  for  a  drop 
with  a  radius  of  r=40p.  it  as  easy  to  see  that  in  this  case  of  B-5.2; 
P=8.32,  and  distance  S  in  units  x0  is  equal  to  0.12.  Corresponding 
values  £, /s mS  are  given  in  Taole  1o. 

In  the  case  in  question  up  to  the  distance  of  10  cn  froa  the 
apex/vertex  of  wedge  the  oendmg  trajectory  of  drops  with  a  radius  of 
r=40p  is  very  snail  and  therefore  the  local  coefficient  of  capture  is 
close  to  naxiaun  value,  namely  £,  0,9 sin  5  =  0,045.  Without  giving  here 
calculations  themselves,  lot  us  point  out  that  for  drops  with  a 
radius  of  r=  40p,  Cx' =  0,4  and  Cu  1  =  9,5. 

In  the  beginning  or  present  paragraph  it  was  mentioned,  that  the 
solution,  obtained  for  a  wedge,  can  be  common  for  double  wedge 
airfoil.  In  this  case  at  angle  t>  snould  be  understood  the  angle 
between  the  surface  of  rhombus  and  flow  direction.  If  rhomb  flies 
with  certain  nonzero  angle  of  attach,  then  angle  5,  for  its  upper 
surface  is  not  equal  to  angle  5„  tor  a  lower  surface.  It  is  possible 
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that  the  range  of  changes  in  values  o.  and  S.  is  wider  than 
examined  in  calculations  Dy  l-Ja.  in  this  case  it  is  expedient  to 
supplement  Fig.  31  and  uev,  which  expand  the  range  of  changes  6 
and  ®.  This  expansion  does  nor  present  fundamental  difficulties  and 
can  be  comparatively  easily  carried  out  on  the  basis  of  formulas 
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Table  14. 


X 

35* 

6.V 

2' 

0,20 

1  0,13 

T 

0.116 

1  0.06 

Table  15. 


Table  16. 


\  e 

a  \ 

66* 

65* 

•2» 

0,03  . 

0,00 

3* 

O.KN 

0,85 

Page  107. 

3.  Icing  index  at  supersonic  flight  speeds. 

In  1  section  of  this  cnapter  it  was  shown  that  for  the  final 
representations  about  tne  possibility  of  aircraft  icing  during 
supersonic  flights,  it  is  necessary  to  rate/estiaate  the  value  of  the 
integral  coefficients  of  capture  u. 
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The  integral  coefficient  of  capture  E  for  the  assigned  body  and 
flight  conditions  depends  sunstantially  on  the  distribution  of  cloud 
drops  according  to  sizes/dimeusions,  and  in  its  value  it  approaches  a 
coefficient  of  the  capture  of  the  drops,  which  give  the  maximum 
contribution  to  liquid- water  content.  At  present  we  do  not  have 
sufficient  data  about  tne  spectral  distribution  of  drops  according  to 
the  sizes/dimensions  in  tae  strongly  supercooled  clouds  with  the 
temperature  of  lower  than  -Jd°.  however,  existing  Knowledges  give 
grounds  to  assume  that  in  the  sucn  strongly  supercooled  clouds  the 
overwhelming  majority  or  drops  nas  a  diameter  net  more  10'.  As  shows 
the  example,  considered  at  tne  end  of  the  preceding/pre vious  section 
the  local  coefficient  or  capture  tor  such  drops  it  is  changed  from 
values  sin6—  0.05  in  the  apex/vertex  of  prof ile /airfoil  to  0.004 
already  at  a  distance  or  Id  cm  rroa  apex/vertex.  Consequently  and 
value  of  E  actually  must  not  exceed  these  value.  With  small 
corrections  this  estimation  can  oe  attributed  also  to  ice  clouds. 
Although  for  them  effective  radius '’•c1  can  be  somewhat  more. 

P00TK0TE  *.  By  r is  understood  a  radius  of  such  drops  which  are 
subordinated  to  approximat<*iy/exemplarily  the  same  law  of  motion,  as 
the  crystal  of  the  assigned  geometric  structure  (size/diaension  and 
form)  .  ENDFOOTNOTE. 
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Actually  E  fast  enough  decreases  (in  proportion  to  removal/distance 
fro*  end  connections  of  tne  pronle/airf oil)  from  the  maximum  value 
at  apex/vertex,  equal  to  several  Hundredths,  tc  very  low  values 
already  at  a  distance  or  10- Id  cm  iron  apex/vertex.  The  character  of 
decrease  is  s imilar/sucn  to  decrease  E  in  Fig.  31. 

If  flight  occurs  at  lower  speed,  then,  as  has  already  been 
mentioned,  the  values  or  coefficient  of  E  become  still  less.  Thus,  it 
is  possible  with  confidence  to  say  that  at  a  distance  of  5-10  cm  from 
the  apex/vertex  of  the  varus  of  tne  integral  coefficient  of  capture 
for  high-speed/velocity  promes/airf oils  actually  do  not  exceed 
0.004,  if  the  flight  speed  of  less  than  the  sonic  or  insignificantly 
exceeds  the  speed  of  scund. 

Let  us  examine  the  case  of  flight  with  11=1.2.  In  this  case,  as 
can  be  seen  from  Fig.  17,  tne  temperature  of  surface  even  in  the 
recovery  factor,  equal  to  0.7,  it  is  heated  mere  than  on  35°. 
Therefore  let  us  assume  tuat  in  flight  it  occurs  at  temperature 
to=*40°  and  surface  is  nested  to  temperature  t ,  -5  Let  us  estimate, 

which  must  be  in  this  case  liquid-water  content  w, ,  necessary  for  the 
compensation  surface  evaporation.  From  nomogram  (Fig.  18)  it  follows 
that  in  this  case  value  K3>  1 . 5«  Id”*.  Accepting  E  equal  to  4*10**3,  as 
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it  takes  place  with  the  small  or  Removal  f r oh  the  apex/vertex  of 

profile/airfoil,  we  see  tnat 

«* i  --  K,  </„  t.„  P„)  .110  •  i  cm1  0.1  r  • 

/:  u 

Key:  ( 1) .  g/m 3. 

Page  108. 

He  do  not  have  any  sat Lie lent  reliable  statistical  evidence 
about  water  content  of  clouas  at  very  low  tempe natures,  however,  all 
available  data  attest  tc  tuc  tact  that  at  temperature  of  droplet 
cloud  its  below  -30  liquia-water  content  must  be  considerably  less 
than  0. 1  g/m3. 

Thus,  at  small  supersonic  rates  (M0= 1 . 2- 1. 3) ,  when,  as  shown  in 
the  section  of  1  present  cuapter,  still  it  is  possible  to  expect 
minus  temperature  in  one  or  tne  otner  sections  of  the  surface  of 
profile/airfoil,  itj-'O.I  y/m3,  waicn,  in  turn,  considerably  exceeds 
real  water  content  of  ciouas  at  such  low  temperatures. 

The  obtained  results  of  theoretical  calculations  with  sufficient 
certainty  indicate  that  in  rlignts  at  the  rates,  which  exceed  the 
speeds  of  sound,  in  the  first  place,  the  icing  of  the  frontal 
surfaces  of  prof iles/airtoiis  is  impossible,  if  there  is  no  heat 
withdrawal  from  the  internal  wing  surface,  and,  in  the  second  place. 
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is  very  highly  improbable  tne  realization  of  the  mechanism  of  icing 
due  to  a  temperature  decrease  along  profile/airfoil  upon  its  transfer 
through  0°,  since  a  quantity  or  aepositing  moisture  in  this  case 
virtually  will  not  be  acle  to  compensate  surface  evaporation. 

However,  among  specialists*  series/row  there  is  an  opinion  that 
the  icing  due  to  the  freezing  or  tne  depositing  supercooled  cloud 
drops  can  occur  even  at  supersonic  flight  speeds.  So,  Tribus  and  and 
Gober  [24],  on  one  hand,  and  Saranni  [75],  on  the  other,  consider 
that  with  the  icing  of  the  protruaing  parts  of  the  aircraft  (we 
emphasize  this  fact,  since  still  possibly  and  the  icing  of  engines) 
it  is  necessary  to  collide  to  tne  rates,  which  exceed  the  speed  of 
sound  by  40 o/o  (to  M=1.4)  according  to  Serafini,  to  80o/o  (to  N=1.8) 
according  to  Tribus  and  timer. 

To  us  it  seems  that  l'nous  ana  Serafini  did  not  pay  proper 
attention  to  the  examination  of  tne  processes  of  heat  exchange  in  the 
surface  of  wedge  with  icing,  or  to  that  fact  that  the  low  local 
coefficients  of  capture  ror  the  profiles/airfoils,  used  in 
high-speed/velocity  aviation,  and  the  large  overheatings  of  surface 
with  respect  to  flow,  acting  togetner,  they  can  lead  to  the  fact  that 
the  evaporation  from  the  unit  or  surface  exceeds  quantity  of  moisture 
depositing  on  it  for  the  same  time. 


1 


j 
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Besides  the  considerations  indicated,  to  conclusion/output  about 
the  practical  impossibility  or  icing  at  supersonic  speeds  due  to 
settling  of  the  supercoolau  ciouu  drops,  contributes  the  fact  that 
the  large  statistical  material,  assembled  in  TsAO,  gives  sufficiently 
foundations  for  considering  virtually  impossible  the  presence  of 
supercooled  clouds  of  lower  tuan  -40°  and  to  unlikely  ones  the 
presence  of  such  clouds  cf  rower  taan  -38°. 

In  press/printing  there  are  several  communications/re ports  [40, 
60]  about  icing  at  very  low  temperatures;  however,  icing  in  these 
cases  bears  specific  character.  In  one  case  the  observed  different 
coating  reflects  the  presence  or  water  vapors  and  drops  in  exhaust 
[40],  while  in  other  -  plotted  ice  was  clearly  caused  by  the 
sublimation,  which  occurred  auove  the  tropopause  at  temperature  of 
-55°.  Unfortunately,  the  absence  or  the  information  about  the  rate  of 
aircraft  makes  impossible  the  comparison  of  these  cases  with  theory. 

As 

to  known  to  us  material  witn  certainty  attests  to  the  fact  that 

the  icing  of  high-speed  aircraft  occurs,  as  a  rule,  in  lower  and 

cloud  amount  of  middle  level  dunug  takeoff  or  landing  when  the  rates 

reach  300-400  km/h,  i. e. ,  wnen  to  high-speed  aircraft  is  added  the 

theory,  developed  in  the  preceamg/previous  chapters. 

/ 


It  should  be  noted  that  tue  theory,  presented  in  present 


DOC  =  79116108 


PAdlS 


557 

chapter,  is  not  absolutely  precise,  since  at  its  basis  lies/rests 
essential  assumption  about  tne  absence  of  heat  withdrawal  from  the 
internal  surface  of  pronle/air roil.  Be  do  not  have  at  our  disposal 
of  any  data  about  order  or  magnitude,  which  characterize  possible 
heat  withdrawal  and  therefore  not  in  state  to  rate/estiaate  the 
degree  of  probable  deviation  from  developed  theory. 

Page  109. 

It  is  possible  that  if  tne  neat  withdrawal  is  sufficiently  great, 
then  can  arise  the  conditions,  favorable  for  ice  accumulation. 

In  connection  with  tms,  in  spite  of  the  validity  of 
conclusion/output  about  tne  extremely  small  probability  of  aircraft 
icing  during  flights  under  actual  conditions  with  the  speeds  higher 
than  speed  of  sound,  a  question  aoout  the  possibility  in  principle  of 
icing  under  such  conditions  must  o*>  solved  in  special  experimental 
flights.  In  such  flights  it  would  oe  interesting  to  trace  rate  of 
evaporation  of  ice  from  one  or  tne  other  part.  This  would  make  it 
possible  to  check  theoretical  r eiationships/ratios  and,  possibly,  it 
would  be  the  method  of  evaluating  the  heat-transfer  coefficient  at. 
Finally,  in  thase  flights  it  would  be  possible  to  check 
considerations  about  the  effectiveness  of  "speed  maneuver"  for 
dealing  with  icing. 
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Appendices. 

I.  Fig.  34,  taken  from  Bet  gran's  work  [45],  makes  it  possible  to 
deteraine  the  value  of  critical  parameter  depending  on  the  lift 
coefficient  and  thickness  ratio  -  for  the  Zhukovskiy  profile 
of  elliptical  profile. 

Tables  1,  2,  3,  4  and  5  give  the  results,  obtained  by  Bergran 
[45]  during  determination  with  the  aid  of  the  differential  analyzers 
of  the  trajectories  of  drops,  weighed  in  air  flow  during  flow  of  this 
flow  about  different  aircraft  pror iles/a irf oils.  Data  in  the 
graphs/counts  of  1,  2,  4,  5,  o,  7  and  8  all  tables  are  borrowed 
directly  from  [45],  data  in  giapns/counts  3,  9  and  10  have  designed 
we. 


II.  In  1,  2  and  by  the  Jru  graphs/counts  are  given  the  values  of 
parameters  «.  Ke„  and  p  (see  conventional  designations,  page  8)  .  In  the 
4th  graph/count  it  is  indicated:  is  located  the  place  of  the 
collision  of  drop  with  the  prof ne/airf oil  cf  higher  than  the  face 
grinding  (upper  surface)  or  lower  than  it  (lower  surface),  index  1 
marked  tangential  trajectories  at  these  values  of  p  and  R<*  Xn  the 
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5th  graph/count  is  given  tne  uj.std.nce  from  the  point  of  the  collision 
of  drop  with  prof ile/a irfoil  to  face  grinding  (referred  to  airfoil 
chord)  in  the  6th  -  value  €*  -  drop  in  component  of  speed  parallel  to 
chord,  at  the  moment  of  its  collision  with  the  profile/airfoil  (rate 
is  related  to  the  rate  ox  tne  undisturbed  flow) .  In  the  7th 
graph/count  are  represented  tne  values  of  composing  the  rates  drop 
normal  in  chord  in  the  same  dimensionless  unity.  In  the  8th 
graph/count  are  given  impact  parameters  of  drops  i.e.,  distance  from 
drop  to  centerline  in  tne  unuisturoed  part  of  the  flow.  In  9th  given 
distance  ii|  between  tangential  trajectories  cf  drops  in  the 
undisturbed  region  and  finally  in  the  10th  graph/count  is  given  the 
complete  coefficient  of  capture  E,  equal  to  relation  At,  to  midship 
profile  cross  section. 

In  Tables  4  and  5  is  midsection  the  section  accept  by 
conditionally  equal  to  with  respect  0.15  and  0.157. 


DOC  =  79116108  PAGiS  ^ 


Fig.  34. .Gradient  of  velocity  of  flow  in  the  vicinity  of  the  critical 
point  G  depending  on  thicnuess  ratio  and  lift  coefficient  cy:  a)  the 
Zhukovskiy  profile,  b)  ellipse. 
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Table  1.  15 1  symmetrical  Zhukovskiy  profile  (c  =0; 

Key:  (1).  Surface.  (2).  upper.  ( jj .  lower.  y 
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0 

-0,074 

0,148 

0,99 

8 

512 

612 

0,273 

0.997 

0,001 

0,074 

— 

— 

H 

512 

Old 

J)iifi/Kii>in, 

—0,273 

6,997 

-0.001 

-0,074 

0,148 

6,99 

32 

2048 

01/ 

^MOpXHHH, 

0,202 

6,997 

0.013 

0,072 

— 

32 

2048 

01/ 

Sum  HvHHn, 

-0,262 

0,997 

-  0,013 

-0.072 

0,144 

6,96 

1 

32 

8  1 

0,273 

1 ,0 

0,012 

6,073 

— 

_ 

1 

32 

H  n 

Jhhjkhhh, 

-0.273 

1,0 

-  0.1)12 

•  0,1)73 

0.146 

6,98 

16 

128 

Hi 

YHepXIIHH, 

0,214 

1 .005 

0,023 

0,070 

— 

16 

128 

>0 

ABOpXMHH, 

0,008 

6,99 

0,013 

0,045 

— 

_ 

16 

128 

X j 

CnepxnHii, 

0.021 

0,982 

0,009 

0,020 

— 

_ 

16 

128 

-0,021 

0,982 

-0,009 

-0,020 

— 

— 

16 

128 

«G 

— 0,068 

0,99 

-0,013 

-0,045 

— 

— 

16 

128 

8 

CHHJKHHfl, 

-0.214 

1 .005 

-0,023 

-0,070 

0,140 

0.94 

64 

512 

K 

iWpxilHH, 

JiMHiKHHH, 

^Bepxiiaa, 

0,225 

1,004 

0,013 

0.0655 

_ 

64 

512 

8 

—0,225 

1,004 

-0.013 

-0,0665 

0.130 

0,87 

256 

2048 

8 

0.188 

1,007 

0,092 

0.058 

— 

— 

256 

2048 

8 

^epXHBH 

0,058 

0,949 

0,060 

0,010 

— 

— 

2.56 

2018 

8 

0,023 

0,931 

0,029 

0,020 

— 

— 

256 

2048 

8< 

-0,023 

0,931 

-0.029 

-0,020 

_ 

_ 

2f4i 

2018 

8 

-0.058 

0,949 

-0,009 

-  0,040 

— 

— 

256 

20-18 

8< 

—0.188 

1,007 

-0,092 

-0.058 

0,116 

0,78 

8 

8 

1 

SftBepXHBH, 

0.197 

0,994 

0,078 

0,059 

— 

- - 

8 

8 

1 

-0,197 

0,994 

-0,078 

—0,059 

0,118 

0,74 

32 

32 

1  1 

ABepxiign, 

0.185 

0,992 

0,089 

0.056 

— 

— 

32 

32 

1  , 

pHIDKKHfl, 

-0.185 

0.992 

-0.089 

-0,0.56 

0,112 

0.74 

128 

128 

1 

geepXHHH, 

0. 150 

0.989 

0,119 

0,0485 

— 

— 

128 

128 

1 

jjhlHttflSH, 

-0.150 

0,989 

-0,119 

-0,0185 

0,097 

0,61 

512 

512 

't 

UJCpXHHH, 

0.108 

0,941 

0,225 

0,038 

_ 

512 

512 

^Bepxnaa, 

-0,108 

0,941 

—0,225 

-0,038 

0,076 

0,51 

2048 

2048 

/Bopxiijia, 

0,072 

0,856 

0,319 

0,025 

— 

— 

2048 

2018 

1  | 

3^11  If /K  IIHfl , 

-0,072 

0,856 

-0,319 

-0,625 

0,6.50 

0,33 

64 

8 

0,125, 

0,078 

0,870 

6,321 

0,0255 

— 

— 

64 

8 

0.125  V 

— 

0.031 

0.693 

0,192 

0,618 

- 

— 

64 

8 

0.125 

— 

0,010 

0,698 

0,061 

0,608 

- 

64 

8 

0.125/ 

0.125 

£)hH>KIIHH| 

-0,010 

0.698 

— 0,061 

—0,608 

— 

64 

8 

—0,031 

0,693 

-0,192 

-0,018 

— 

— 

64 

8 

0.125, 

5  H  H>K  HHH  | 

-0,078 

0,870 

-0.321 

—0,0255 

0,050 

0,33 

256 

32 

0. 125/ 

1  BepXIIHI, 

0,073 

0,828 

0.359 

0,621 

_ 

-- 

256 

32 

0.125 

SlHHiKHHH, 

-6.073 

0,828 

—0.359 

-0,021 

0,042 

0,28 

1024 

1024 

128 

128 

0.12  ru 
0.12$ 

CBepXHHH, 

^BepXHHB, 

6.052 

0,020 

0,741 

0,572 

0,451 

0.198 

0,015 

0,010 

— 

- - 

1024 

128 

0.125 

^  _ 

0,009 

0,563 

0,109 

0,005 

_ _ 

1024 

128 

0.125/ 

3)hhh<iihh 

—0.009 

0,563 

-0,109 

-0,005 

— 

— 

1024 

128 

0.125 

— 

-0,020 

0.572 

—6,198 

-0,010 

- 

_ 

1024 

128 

0.125 

— 

—0,0-52 

0;741 

-0,451 

-0,015 

0,030 

0,20 

4006 

512 

0,125/ 

#>Bel)XllflH, 

0,038 

0,581 

0,452 

0,0110 

— 

1096 

512 

0,125  1 

ailH/KHHa, 

—0,038 

0,584 

—0,452 

-0,0110 

0,0220 

0,147 

16384 

2018 

0,125 

SnepxHHB, 

0,022 

0,329 

0,469 

0,004 

— 

— 

16384 

2018 

0. 125 

-0.022 

0,329 

—0,469 

-0,001 

0,008 

0,053 

512 

8 

0,015 , 

j^BepXHHH, 

0.023 

0,355 

0,514 

0,0035 

— 

- 

512 

8 

0,01 5  ( 

9RH/KHBB, 

-0,023 

0,355 

-0,514 

-0,0035 

0,007 

0,047 

8102 

128 

0.015, 

SwrpxiiHH 

0,015 

0.251 

0,401 

0,0020 

- 

8102 

128 

0,015, 

ShH/KMBH, 

-0.015 

0.251 

-0,401 

-0,0020 

0.004 

0  027 

32768 

512 

0.015  , 

^nepxHjiff, 

0,010 

0,187 

0,459 

0,0005 

— 

- 

32768 

512 

0,015 

-0.010 

0,18* 

-0,459 

-6  0005 

0,6016 

6,015 

'ji*- 
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Table  2.  15o/o  syaaetricai  Ibu&ovsaiy  profile  (<>' -«.‘->2; 
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4 

4 

lfi 

16 

2 

2 

8 

8 

8 

8 

8 

8 

32 

32 

32 

32 

32 

32 

128 

128 

128 

128 

128 

128 

16 

16 

64 

64 

64 

64 

64 

64 

256 

256 

256 

256 

256 

256 

1024 

1024 

128 

128 

128 

128 

128 

128 

512 

512 

512 

512 

512 

512 

2048 

2048 

2048 

2048 

2048 

2048 


Hi, 

P- 

~2~  I  3~ 


(» 


louepx- 

110(11. 

1 


V  C 


7| 


256 

>4 

/5j)HCp  XII  ft>l| 

0.236 

1,001 

0,011 

2.50 

61 

>4 

QttUlt<KUHHi 

-0,316 

(t.'lOrt 

0,0  5 

1024 

(SoueiJXtiMi, 

0,223 

1  ,00.1 

0,04  1 

1024 

il 

<\5hI1vKH>I  >1, 

—0,310 

U.99« 

0,030 

16 

h 

/S'uepxmi  >i. 

0.220 

1,009 

0.053 

16 

H 

(J  iOiiKllHHi 

-0,311 

0,997 

0,027 

64 

8 

fO^BCpXIDOli 

^lUepXHHM) 

0,212 

l.oll 

0.062 

64 

8  < 

0.045 

0,983 

0,051 

64 

8 

CyepxHioii 

0,005 

0.984 

0,044 

64 

8 

II M <K  11 HH 

— 0.020 

0,974 

0,033 

64 

8  ( 

-0,082 

0,972 

0,033 

64 

H 

-0,308 

0,997 

0,022 

256 

8 

C$BCpxilflH, 

ZH  »epxmiHl 

0.H6 

1,015 

0,083 

256 

8  ( 

0,041 

0,980 

0,066 

256 

8 

C-BOpXHHH, 

0.003 

0,969 

0.052 

256 

8  C 

£  OonKHMfl 

J  J  HH )lv H >1  >1 

—0.026 

0,970 

0,038 

25(i 

-0,078 

0,975, 

0,024 

256 

8 

CpHWHHHj 

-0.295 

0,995 

0,013 

1024 

8  / 

n^BepXllflMi 

—0.168 

1,021 

0,126 

1021 

8  C 

in  »epxHH>i| 

0,034 

0,958 

0,100 

1024 

1024 

8 

8  . 

(%epXHHH, 

-  Xhhxhhh 

0,002 

-0.027 

0,941 

0.939 

0.063 

0,032 

1024 

8  / 

HIIWHHH 

-0.079 

0,955 

0,004 

1024 

8  ^ 

^cLumbciihh 

—0,265 

0,992 

-0,008 

16 

1 

Ql  BepxiDifli 

0.149 

1,010 

0,160 

16 

» 

-0.245 

0,984 

-0,023 

61 

i 

^BepxtlflH, 

0.128 

1,012 

0,202 

64 

i 

^Bepxiooi] 

0,027 

0,908 

0,140 

64 

l 

N  ^I1H2KH HH 

-0.001 

0,881 

0,083. 

64 

!  C 

X/UMiKIIHH 

S)  UHXCMBH 

-0,027 

0,881 

0,033 

64 

-0.071 

0.921 

-0,013 

64 

1 

-0,225 

0,983 

-0,052 

256 

! 

CiSiepxioiH, 

^/pepxioifii 

0,100 

0,999 

0.283 

256 

0,022 

0.852 

0,189 

256 

i 

/hhbchhb 

—0.002 

0.827 

0,103 

256 

1  6 

U  IIH*Hg» 

—0.023 

0.815 

0,015 

256 

?  1  II  HiKHHH 

-0.058 

0,863 

-0,050 

256 

i 

-0,177 

0,963 

-0,105 

1024 

i 

fy  uepXHUH] 

0,063 

0,914 

0,424 

1024 

i 

(%  y  Hxcimfli 

-0,118 

0.902 

—0,195 

16 

16 

0.125 

0.12^ 

C5Bt‘pXHflfl| 

2/flepiHfOii 

0,055 

0,009 

0.881 

0,640 

0,472 

0,235 

16 

0-125 

CIIHXHflfl 

-0,004 

0,637 

0,114 

16 

0.125 

As  HHJKHBfl 

-0,017 

0,642 

— 0,U0o 

16 

0.123 

■y  iihh£hhh 

-0,036 

0,685 

—0,109 

16 

0.125 

Cy  hikhhH| 

-0,098 

0,854 

—  0,246 

64 

64 

0.125 

0,123 

0,038 

0,001 

0,767 

0,560 

0,528 

0,270 

64 

0,125 

-0,004 

0.542 

0,132 

64 

0.125 

^OtlMWllflfl 

-0,016 

0,535 

-0,011 

64 

0,12? 

-0,03 

0,611 

-0,140 

64 

0,125 

/|l  H)K  HHfli 

-0,079 

0,81; 

-0,300 

256 

0,125 

£S%epXHf!fl| 
?A»e  PXHBHi 

0,028 

0.562 

0.611 

256 

0.123 

0,004 

0,394 

0,255 

256 

0,125 

CilHJKHHH 

-0.005 

0,371 

0,118 

256 

0,125 

2V  tlHKHH* 

-0  014 

0,377 

-0,050 

256 

0,12? 

-0 

-0,029 

0..VX 

—0,235 

256 

0,125 

£  M  HUCHlf  fl| 

-0,055 

0.681 

— 0,350 

Y(0 

4ft 

8'  Af| 
'"*0,153 

8 

9 

10 

—0,0016 

_ 

—0,1518 

1,1502 

0,98 

— 0,  (4)5.5 

— 

-0,1539 

1,1484 

0,97 

-0,0081 

— 

-0.153., 

M452 

0.95 

—0,009.5; 

— 

— 

0  0381 

_ 

— 

-0,0667 

_ _ 

— 

-0.0956 

— 

— 

-0,1243 

_ . 

— 

-0,1532 

0,1437 

0,94 

-0.0140 

— 

-0,0410 

— 

— 

-0,0683 

— 

-0,0958 

_ 

— 

-0,1232 

_ 

— 

-0,1508 

0,1368 

0,895 

-0,0211 

— 

— 

-0,0464 

_ . 

— 

-0.0721 

— 

— 

-0.0977 

— 

— 

-0,1231 

— 

-0,1488 

0,1274 

0,83 

-0,04a5 

— 

— 

-0,1598 

0,1165 

0,76 

-0,0493 

— 

-0,0705 

— 

— 

—0.0902 

- . 

— 

-0,1130 

— 

-0,1345 

— 

— 

—0, 1558 

(1,1065 

0,66 

-0,0587 

— 

— 

-0.0763 

— 

— 

-0.0940 

— 

-0,1118 

— 

— 

-0,1298 

— 

— 

-0,1475 

0,0888 

0,58 

-0,0743 

— 

— 

—0,1360 

0,0617 

0.42 

-0,0955 

— 

— 

-0,1065 

— 

— 

—0. 1 .  K 

-0,12. 

— 

— 

-0,133.' 

— 

— 

—0,14.8 

6,047.r 

0,31 

-o.l  (hi: 

— 

— 

-0,1081 

— 

— 

—0,1 15f 

— 

- ■ 

-0.1231 

— 

— 

-0,1311 

— 

— 

—o.  ias5 

>0,037' 

0,25 

-0,108.' 

— 

— 

-0,11.31 

)  — 

— 

—  0 , 1 1 8‘ 

— 

-0.122) 

— 

— 

-0,12? 

>|  — 

— 

-0,132 

3  0,0241 

J  0,16 
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0.125/ 

8192 

1024 

0.125 v 

8192 

1024 

0.12.V 

8192 

1024 

0. 125  ; 

8192 

1021 

0,125 

1(24 

16 

0.015 

1024 

16 

0.015 

4096 

64 

0,015 

4096 

64 

0.015 

16384 

256 

0.015 

16384 

256 

0,0154 

iS 


sepxHun, 
r-  — 
SiiHiKiinfl 

SJIHiKlIHH, 
BI'PXHHH, 
HHWHHH, 
>BepXHHB, 

[»epxH»*i 

kllMIKHRa, 


0,015 

0.210 

0,514 

0.1165 

_ 

0 

0,270 

0,230 

-0,1190 

— 

—0,001 

0,260 

0.085 

-0,1218 

— 

-0,012 

0.273 

-0.110 

-0,1250 

-0,03! 

0,520 

-  0  390 

-0,1275 

0.0110 

0,008 

0 

0,610 

-0,1232 

— 

-0,015 

ojoo 

-0,243 

-0,1262 

0,0030 

0.003 

0.090 

0.434 

-0,1243 

— 

-0,015 

0,246 

—  0.235 

-  0,1278 

0,0035 

0,002 

0,103 

0,506 

-0,1254 

— 

-0,014 

0,173 

Of  295 

-0,1275 

0,0021 

0,072 

0,020 

0,022 

0,014 


Key: 


(1).  Surface.  (2).  upper.  (3).  lower. 
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Table  3.  15o/o  syaaetcicai  iihunovskiy  prof  ile(<,“  <  =  4) 


Ke„ 

^llouepx- 

11 OC  1 1* 

s/C 

5 

*  g 

V> 

',0 

A/, 

9 

/:  =  -  *1- 

0.157 

1 

i 

0 

7 

10 

4 

v?r>< ; 

01 

JjWpMIMSl, 

0/J04 

0,9990 

0,078.5 

— 0, 1682 

1 

2f»(> 

Ol 

^,11  MA  IIHH* 

—  0,  108 

0,994<i 

0,070.5 

—0.3216,0,1533 

0.08 

Hi 

11*21 

lil 

'jjurpxmlH, 

O,  101 

1,0080 

0.1005 

-0.1092 

— 

— 

Hi 

1021 

01 

jillll  <KIIH >Ii 

—  0,  toil 

0,9970 

0.070.5 

—  0,3223  0, 1.531 

0,98 

*■> 

ll. 

8 

©HCH'-HUH, 

0,192 

1,0031 

O.O902 

-O.lttlh 

— 

— 

9 

Hi 

^Jhhahhh, 

—0,409 

0,9891 

0,0088 

-O,.333ll!<i.lol2 

0,9(, 

8 

04 

8 

rJieilXIIHH. 

0,170 

1 ,005.5 

0,1032 

—0,1837 

— 

8 

61 

8; 

-0,135 

0,9802 

0,0728 

—0,3073 

— 

8 

01 

HC 

W\MH  2KHNH 

-0,064 

0,9782 

0,0789 

-0,2821 

— 

8 

01 

o'- 

All  11  %  11 H  H 

-0,024 

0,9063 

0,1120 

-0,2577 

— 

— 

8 

04 

8/ 

OHC|)Xli>l)l 

0,00-1 

0,9793 

0,0940 

-0.2330 

— 

— 

8 

01 

8*- 

iipejixiciH 

0,037 

0,9854 

0,1011 

—0,2083 

— 

— 

8 

04 

8  ( 

■$>  mix,  ii  im  i 

—0,400 

0,9930 

0,0638 

—0,3320 

0,1483 

0.91 

32 

250 

8, 

^UepxilHH, 

0,148 

1,0174 

0,1381 

— 0, 1881 

— 

— 

32 

250 

£ 

iKBCpXlIHH, 

0,034 

0,9704 

0,1221 

-0,2121 

— 

32 

250 

IT 

V^epxHHH, 

0,002 

0,9053 

0,1050 

-0,23.58 

— 

32 

250 

8 

ftllljRHHH 

-0,024 

— 

— 

-0,2594 

— 

— 

32 

256 

Y 

1IH/KHHH 

—0,062 

— 

— 

-0,2832 

— 

— 

32 

250 

li  MiKHJIH 

-0,124 

0,9652 

0,0028 

-0,3008 

— 

— 

32 

250 

8 

(hh>kh«h 

-0,379 

0,9831 

0,0018 

—0,3310 

0,1435 

0,92 

128 

1024 

8 

/aepxHHH, 

0. 127 

1,0294 

0,2031 

-0,1994 

— 

— 

128 

1024 

8/ 

V  bepxHflfl, 

0.062 

0,9804 

0,0931 

-0,2074 

— 

128 

1024 

8<£ 

V)  BCpXUHHi 

0,028 

0,9514 

0,1670 

-0,2205 

— 

128 

1024 

8 

(aepXHHH, 

0,004 

0,9304 

0,1410 

-0,2380 

— 

— 

128 

1024 

8  . 

-0,041 

0,9273 

0,0869 

-0,2748 

— 

— 

128 

1024 

8/ 

-0,125 

0,9433 

0,0519 

-  0,3077 

— 

— 

128 

1024 

8^ 

-0,350 

1,0200 

0,0408 

-0,3310 

0,1322 

0,81 

16 

Hi 

1/ 

^juepXHHMi 

0,121 

1,0116 

0,2241 

-0,2403 

— 

— 

16 

16 

l' 

JlllfiKBHH, 

-0,336 

0.9628 

0,0415 

0,3665 

0.1262 

0,80 

64 

04 

1 

^epXHHRi 

0,100 

1,0133 

0,2881 

-  0,2472] 

— 

— 

64 

<i4 

1 

-0,113 

0,8940 

0,0448 

-0,3422 

— 

— 

64 

04 

K 

2))u\\AiHnn 

-  0,060 

0,8712 

0,0731 

-  0,3231 

— 

— 

64 

<54 

1 

7  HH/KHHH 

-0,028 

0,8694 

0,1147 

—0,3043 

— 

— 

64 

04 

1 

VjlUiKHHH 

-0,00-1 

0,8638 

0,1675 

—0,2853 

— 

— 

64 

04 

1 

SlBepxHHfl 

0,018 

0,8990 

0,2148 
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(1).  Surface.  (2).  upper.  (3).  lower. 
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